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Introdution

Pulsars are fast-rotating, highly-magnetized neutron stars, a type of

degenerated objets that are the leftovers from the ollapse of the ore of

originally massive (10�25 Solar masses) stars. Pulsars are powered by their

rotational kineti energy, and their radio emission is ollimated into one or

two beams, whih o-rotate with the pulsar: if the line-of-sight of an observer

rosses the beam(s), a regular series of pulses is deteted, at the pae of the

pulsar rotational period. The stable rotation of the pulsars, ombined with the

possibility of measuring the times of arrival of their pulses with high preision

(even less then 100 ns for some soures belonging to the lass of the milliseond

pulsars) opens the opportunity of onstraining the astrometri, kinematis,

rotational, orbital (when appropriate) and environmental parameters of a

pulsar with high auray. In turn, the measurement of these parameters made

a wide range of appliations to �ourish, suh as: studies of the neutron star

physis, equations of state of the dense matter and emission mehanisms, tests

of general relativity, analysis of the properties of the Galaxy like its magneti

�eld and interstellar medium, pulsar population statistis and distribution.

The general onepts about the pulsar physis, the pulsar emission, the

e�ets produed by the interstellar medium, as well as some of the physial

appliations are summarized in Chapter 1.

Although, by using a proedure alled timing, it has been possible to ahieve

exquisite preision in the determination of some pulsar parameters, the

underlying emission mehanisms still remain obsure. Among the list of the

still unsolved issues, there is the origin of pulsar polarization harateristis,

inluding the presene of two polarized modes of emission. In Chapter 2, after

a summary about the de�nition of the Stokes parameters, it is presented a

literature review on the generalities of pulsar polarization, and on the polarized

mode omposition. We then extrat the polarization parameters of a wide

1



2 Introdution

sample of pulsars, disovered in the ontext of the High Time Resolution

Universe survey for pulsars and radio transients. We show as well how they

an be used to study some properties of pulsars and of the Milky Way. In

the seond part of the Chapter we outline a new approah to lassify the

ombination of the orthogonal polarized mode and its �rst appliation to real

data. In the ontext of this study, we show how the ommonly adopted way

of subtration of the noise budget to obtain the Stokes parameters is biased.

Among the surprising large basket of the appliations of pulsar timing, and

espeially of high-preision pulsar timing, Chapter 1 fouses on one of the

urrently most important experiments in astronomy: the Pulsar Timing Arrays

(PTAs). Relying on the very stable, lok-like signal of some milliseond

pulsars, the �rst goal of the PTA experiments is the diret detetion of an

isotropi and stohasti gravitational wave bakground (GWB), generated by

the summation of the gravitational wave emissions from numerous oalesing,

high-redshift, super-massive blak hole binaries. No GWB detetion has been

laimed so far. However, the PTA sensitivity inreasing, and in the near

future it will start probing the region of the strain versus GW frequeny plot

in whih the aforementioned GWB is theoretially expeted. In view of this,

it is fundamental to build solid bases for running sanity heks on the data of

any possible future detetion, in order to state if the detetion is genuine or

not. In Chapter 3 we desribe a study aimed to evaluate the impat, in the

GW detetion pipeline, due to orrelated signals when are unrelated to GW. In

partiular errors in the lok time standards and in the planetary ephemeris in

PTA experiments are investigated and possible mitigation routines proposed

and tested. We �rst give an introdution about these e�ets and their expeted

angular orrelations. We then outline the adopted method of study, that

inludes the usage of simulated ToA data sets a�eted by the seleted e�ets

and the tests of the mitigation routines. We next desribe the obtained results,

before and after the appliation of the mitigation routines, and the impat of

the mentioned mitigation routines on the GWB detetion sensitivity.

One of the main hypotheses behind the proedures of high preision timing

and for the PTA ativities is the stability of the monitored milliseond pulsar

template pro�le. Although several studies (espeially in the last years), have
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been arried out to haraterize the short-term variability of the milliseond

pulsar pro�les, the long term deadal stability has never been systematially

studied on a signi�ant sample of objets. In Chapter 4 we test the long-term

stability of 10 milliseond pulsar pro�les. The data sets were obtained from

a 15-year long timing ampaign performed with the E�elsberg radio telesope

with an unhanged ombination of frontend and bakend. We �rst review

literature studies about short-term variability in pulsars, and the few ases of

long-term ones. We then desribe the data sets and the algorithm used to

arry on the analyses. We then review the results, paying partiular attention

to the ase of one of the analyzed milliseond pulsars whose pro�le shows an

unexpeted, lear temporal evolution.

Finally, we review our results and onlusions.
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Chapter 1

Pulsars and Pulsar Timing Arrays

Pulsars are fast rotating, highly magnetized neutron stars whih emit radiation

in a vast range of frequenies aross the eletromagneti spetrum. Although

the bulk of this radiation ours in the high energies (gamma and X-rays), the

vast majority of the known pulsars are visible only at radio wavelengths. In

a simpli�ed and ertainly inomplete representation, beams of radio emission

are radiated or from the surroundings of the pulsar magneti poles or from

regions of the pulsar magnetosphere lose to what we all �light-ylinder�, or

from regions lose the the last losed line of the pulsar magneti �eld. In all

ases the emission zone(s) orotate with the star. Therefore, if the rotational

and magneti axes are misaligned, the radio beams sweep the spae: when the

line-of-sight of an observer rosses one of the beams, at eah pulsar rotation

the observer reeives a bunh of radio waves, whih appear as a radio �pulse�

(this phenomenon is alled �lighthouse e�et�). The period of repetition of this

pulsating signal oinides with the pulsar spin period.

Besides being very interesting osmi objets per sé, pulsars are invaluable

tools to perform a great number of experiments whih exploits the Cosmos as

a Physis Laboratory. This PhD thesis mainly fouses on their use as osmi

loks, beause of the very high degree of preision that it is possible to ahieve

in prediting the time-of-arrival of the aforementioned pakets of radio waves,

at least for a subgroup of pulsars. This property is one of the reasons behind

the setting up of one of the major projets in nowadays pulsar astronomy, the

Pulsar Timing Arrays, the main aim of whih being the diret detetion of

gravitational waves of very low frequeny, typially in the nanohertz regime.

5



6 Chapter 1. Pulsars and Pulsar Timing Arrays

1.1 Pulsar generality

In this setion, we summarize the basi properties of pulsars and of their

signals, using Lorimer and Kramer 2005, Lorimer 2008 and Salaris and

Cassisi 2005 as referenes, when not otherwise indiated. Details and spei�

disussion on some of these subjets are then presented in the subsequent

Chapters.

1.1.1 Progenitors

Neutron stars are the �nal stage in the evolution of stars with an initial mass

between about 11 and about 25 M⊙. In these stars, the end of the spontaneous

thermonulear ativities leaves a degenerate nuleus of Fe

56
, supported by the

pressure generated by free, degenerate eletrons. Temperature and pressure

onditions in the nuleus, however, trigger the eletron depletion via a reation

with protons that generate neutrons and neutrinos. As a onsequene, while

most of the mass of the evolved star is expelled, the nuleus undergoes a

gravitational ollapse, that is arrested by the degeneration of the neutrons.

The new ontribution to the total, outward pressure, due to the degenerate

neutrons, allows the stellar nuleus to �nd an equilibrium as a ompat objet

mainly made of degenerate neutrons, and having a typial radius, mass and

density of about 10 km, 1.4 M⊙and 10

14
g/m

3
, respetively. This new self

gravitating struture in hydrostati equilibrium is what we all a neutron star.

Although the details of the ollapse of the nuleus are not yet ompletely

understood, heuristi onsiderations based on angular momentum and

magneti �ux onservations during the nuleus ollapse lead to aount for

the fats that the new born neutron stars are haraterized by extremely rapid

rotational periods (between few milliseonds and tens of seonds) and by the

highest magneti �elds ever measured in any astrophysial objets (between

10

8
and 10

15
Gauss).

To date, about 2400 pulsars are known. The observational bias due to pulsar

intrinsi weakness and distane auses an apparent soure lustering around

the Solar System. However, there is no reason to believe that pulsars are not

spread all over the Milky Way and present in other galaxies. The estimate is

that the number of Galati pulsars is at least an order of magnitude greater
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then the urrently known pulsar population. At �rst approximation the birth-

rate of the radio pulsars appears also ompatible with the rate of ourrene

of their supernova progenitors.

1.1.2 Emission & Energetis

Pulsars were disovered in 1968 by J. Bell (Hewish et al., 1968). These objets

were �rstly interpreted as osillating white dwarves, and only eventually as

fast-rotating and highly-magnetized neutron stars. Shortly after that, the

disovery of a radio pulsar in the Crab nebula also established the onnetion

between the pulsar birth and the supernova explosion.

Pulsar magneti �eld is dipolar at the �rst order. The orotation of

the magneti �eld with the rapidly spinning pulsar body generates an

extraordinarily intense eletri �eld at the star surfae, that largely exeeds the

neutron star gravitational attration and an extrat harged partiles from

the surfae itself. The harged partiles form a plasma, alled magnetosphere,

surrounding the pulsar, part of whih (the one permeated by the losed �eld

lines of the magneti �eld, and thus also known as losed magnetosphere) is

orotating with the star as well. The proesses triggering the emission of

radio waves, high energy photons and harged partiles are thought to mostly

our somewhere in the open magnetosphere (where the lines of fore of the

magneti �eld, to whih the magnetospheri plasma is attahed, annot be

losed for not violating ausality) or at the border between the open and the

losed magnetosphere.

Remarkable progresses have been obtained in reent years in the interpretation

of the proess of emission of the gamma-rays from the pulsar, mostly thanks

to the observations of last generation gamma-ray satellites, like Fermi and

AGILE. However, after more than 40 years of attempts, a oherent piture

for the pulsar emission mehanism at the radio wavelengths is still laking

and several ompeting models have been proposed, alling for various possible

regions of the pulsar magnetosphere from where the radio-waves are �nally

released. Among the reasons for the di�ulties in the modeling of the radio

emission, it is possible to mention the tiny fration of energy emitted in the
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radio band with respet to the gamma-ray and X-ray bands, as well as the

oherent nature of the radio emission (having brightness temperature of order

1026 − 1034 K), whih ontrasts the simpler inoherent emission mehanisms

invoked for the gamma-ray and X-ray bands.

Despite the unsolved unertainties on the detailed emission mehanisms aross

the eletromagneti spetrum, the global energetis of pulsars, and neutron

stars in general, is well known. In partiular, their energy reservoir is

represented by their own rotational kineti energy and the emission of radiation

over a broad range of frequenies (as well as the aeleration of harged

partiles) are both assoiated with a spin-down of the neutron star.

In fat, pulsar observations extended over a long enough timespan show that

pulsar period P tends to slow down with time. If we assume that the pulsar

slow-down (represented by the pulsar spin period derivative Ṗ ) is ompletely

driven by the kineti energy radiated by the pulsar, we an ompute the total

energy loss simply as Ė = 4π2IṖP−3, where I is the moment of inertia of

the neutron star. Also assuming that the energy is released aording to

that of a rotating magneti dipole in vauum (i.e. the Larmour formula),

some other useful quantities an be derived, suh as the pulsar spin-down

(or harateristi) age τ = P/(2Ṗ ), and the magneti �eld strength at the

surfae Bs = 3.2 × 1019
√

PṖ G, where the following referene values for the

moment of inertia, the radius and the mass of the neutron star have been

assumed: I = 1045 g m

2, R = 106 m and M = 1.4 M⊙. We stress that the

hypotheses used to ompute these quantities ertainly are not fully aounting

for the omplex pulsar emission proesses and thus these parameters are only

to be onsidered as illustrative of the underlying physis of the neutron stars.

However, they are also very useful for a �rst order lassi�ation of the various

ategories of pulsars.

1.1.3 Pro�le phenomenology

A relatively small number of pulsars has su�iently high �ux densities

to distinguish the individual pulses with respet to the bakground noise.

Detailed studies of these single pulses show that they are extremely variable

in shape, brightness and polarization.
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In general, however, pulsar �ux densities are too faint to allow the identi�ation

of individual pulses. In fat, pulsars are a population of in general weak radio

soures, haraterized by a median value of the mean �ux density at 1.4 GHz

of about 0.47 mJy (omputation based on the Australian Telesope National

Failities - ATNF - publi pulsar atalogue

1

). For this reason, the �ux density

of a single pulse from one of these objets often does not exeed the intrinsi

noise of the detetion system, making a diret detetion impossible. It is

then usually neessary to oherently add up to few hundreds or few thousands

(depending on the spei� pulsar) of the single pulses in order to learly detet

and then to study the pulsar signal. Suh a proess, alled folding, produes an

integrated light urve of the �ux from the pulsar with respet to its rotational

phase, alled pulse pro�le.

While the single pulses are highly variable, an integrated pro�le appears

stable in time at a �xed observing frequeny, i.e., it does not usually undergo

signi�ant temporal hanges over the timespan of interest for the spei�

experiment. This amazing harateristi has made pulsars extremely valuable

tools for a large number of physial appliations. However, in view of the new

experiments planned in the ontext of the Pulsar Timing Arrays (see later on

in this Chapter) it is important to arefully revisit and/or put limits to this

assumption in the ase of ultra long data-spans. This is the aim of one of the

investigations performed in this Thesis.

Pulse pro�le shape is pulsar-spei�: one stabilized thanks to the oherent

addition of several single pulses, pulse pro�les of di�erent pulsars are di�erent

as well, although they an share some ommon harateristis and an be

divided into lasses depending on the number of pulse omponents. Moreover,

although being statistially stable at a �xed observing wavelength, the pulse

pro�les often present dramati variations with frequeny: typially, they are

wider at lower frequenies and narrower at higher frequenies, and the pro�le

omponent number, as well as the polarization harateristis of the various

omponents, an vary with the frequeny. In fat, pulsars are also among the

most polarized objets known in the radio sky. Although integrated pro�les are

1
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usually less polarized then the single pulses, the degree of linear polarization

an reah up to 100% in the youngest soures, and averages around 20% in

the oldest.

As reported in the previous subsetion, a satisfatorily and omprehensive

physial piture of the mehanism(s) of radio emission from the pulsars is still

laking. As a onsequene the vast phenomenology assoiated with the pulsar

pro�les is usually interpreted in term of heuristi and/or phenomenologial

models. For instane, the shape of the pro�les an be explained aording to

the pulsar-spei� distribution of the radio emission regions within the radio

beams whih are ut at every pulsar rotation by the line-of-sight to the observer

(e.g. Lyne and Manhester 1988; Rankin 1993). As to the frequeny evolution

of the widths of the pro�les, a simple phenomenologial model, the radius-to-

frequeny mapping (RFM) model (Cordes, 1978), assumes that the border of

the emission one are given by the last open magneti �eld line in the pulsar

magnetosphere and then alls for the fat that low radio frequenies are emitted

at higher altitudes, thus implying a wider emission one, with respet to the

higher frequenies. Also, the Rotating Vetor Model (RVM) aims to aount

for the S-shaped trend shown by the polarization position angle aross a pulsar

pro�le (Radhakrishnan and Cooke, 1969). Despite various improvements over

the years, these and other models are still hardly apable of apturing all the

phenomenology and an still be regarded only as �rst approximation guidelines

for orienteering in the large omplexity and variety shown by the atalogue of

the pulsar pro�les.

1.1.4 The e�ets of the Interstellar Medium

The pulsar signal has to ross the interstellar medium (ISM, from few tens of

parses up to few tens thousand parses, depending on the pulsar distane),

before reahing the observer. The ISM exerts a variety of ations on the

pulsar radiation, the most evident of whih is the frequeny dispersion of the

broad band eletromagneti waves assoiated to eah pulse. In partiular,

radiation at lower frequenies is delayed with respet to radiation at higher

frequenies. This dispersion of the broadband radiation an be orreted

applying a proedure whih is alled de-dispersion of the signal. This is based
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on the knowledge of a physial quantity, the dispersion measure (DM), whih

represents the equivalent eletron olumn density along the soure line of sight

and is omputed as a path-integral:

DM =

∫ d

0

ne(l)dl (1.1)

where d is the soure distane with respet to the Earth and ne is the eletron

density along the path leading from the soure to the observer. Two kinds

of de-dispersion an be adopted: (i) the in-oherent de-dispersion, in whih

the pulsar signal is independently deteted in a large number of frequeny

hannels in whih the entire observing band is split, and then suitable time

delays (alulated on the basis of the value of DM) are applied to the hannels

in order to shift the pulses in all the hannels at a �xed rotational phase;

(ii) the oherent de-dispersion, in whih the observing bandwidth is onverted

to base-band and Nyquist sampled, then the whole data are transformed by

applying a transfer funtion (built on the basis of the value of DM) whih

mirrors, but with an opposite e�et, the dispersion experiened by the radio

signal in its traveling aross the ISM. At this point the data have ideally gained

immunity from the e�et of the dispersion and an be folded with no loss of

information. Although muh more omputationally demanding, the seond

approah leads to the best results in getting rid of the dispersive e�ets of

the ISM and in general allows one to obtain smaller unertainties (than the

in-oherent method) when determining the time of arrival of the pulses (see

below the setion devoted to the timing proedure).

Other ISM e�ets on the pulsar emission our as a onsequene of the fat

that the medium is not uniform: interstellar sattering and sintillation.

Interstellar sattering happens when inhomogeneities in the ISM modify the

optial path of part of the waves, in dependene of the wave frequeny and

the loal amount of variation in the free eletron density at the site of the

inhomogeneities. This e�et translates into a delay for part of the signal,

whose e�et is to introdue a one-sided exponential tail in the pulse pro�le.

Interstellar sintillation is given by onstrutive or disruptive interferene

between the delayed waves in a train. These interations indue an
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enhanement or a derement of the pulsar �ux. Sintillation is as more

dramati as loser is the pulsar to the Earth, whereas, along larger distanes,

the �ux �utuations indued by the interstellar sintillation are averaged and

thus signi�antly neutralized.

In presene of a magneti �eld, the ionized omponent of the ISM also hanges

the plane of polarization of linearly polarized inoming radio waves, realizing

a rotation of the plane itself. This phenomenon, alled Faraday rotation, has

larger e�ets at longer wavelengths, aording to the formula:

ψ(λ) = ψ∞ + RMλ2 (1.2)

where ψ is the polarization angle in radians observed at the wavelength λ and

ψ∞ is the polarization angle at a supposedly in�nite frequeny. The quantity

RM, aronym for Rotation Measure, is pulsar-spei� and an be determined

by observing ψ at two di�erent wavelengths. On a theoretial side, RM results

from a path-integral involving both the equivalent free eletron density and the

omponent of the ISM magneti �eld along the line of sight (usually indiated

as the parallel omponent B‖):

RM =
e3

2πm2
ec

4

∫ d

0

ne(l)B‖(l)dl (1.3)

where e is the eletron harge and me the eletron mass.

1.1.5 Milliseond pulsars

The inspetion of the P − Ṗ diagram (i.e. the diagram reporting the values

of the spin period and of the spin period derivative for the known pulsars, see

Figure 1.1) represents a very useful tool for the lassi�ation of these objets,

as well as for desribing their evolution.

The bulk of the known pulsar population has a spin period and spin period

derivative larger then, respetively, 0.1 s and 10−17
s/s. These soures have

been identi�ed as ordinary pulsars. As pulsar spin period is observed to

inrease beause of the radiated rotational kineti energy, it is reasonable to

dedue that among them, the young pulsars are haraterized by the smallest

spin periods, and older pulsars by the longest. It is possible to notie from the
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Figure 1.1: On the x and y axes are reported, respetively, spin period and spin

period derivative. Blak dots indiate isolated pulsars, white-�lled stars indiate

pulsars inluded in binary systems. The diagram inludes 2031 objets and results

from the data of the ATNF publi pulsar atalogue on at the 5th of Deember, 2014.

Few hundreds additional pulsars are known, but the values of their Ṗ has not been

determined and/or published yet and therefore they annot appear in the plot to

date.
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diagram that the vast majority of these ordinary pulsars are isolated objets.

A pulsar minority, however, presents extremely rapid spin periods, of the

order of the milliseonds, and smaller spin period derivatives (between 10−18

and 10−21
s/s) than the ordinary pulsars. Moreover, pulsars inluded in this

subgroup are very often inluded in binary systems. They are assoiated with

a distint population of neutron stars and are alled milliseond pulsars.

The urrent paradigm (supported by a growing body of observational fats,

see for example Alpar et al. 1982; Bhattaharya and van den Heuvel 1991;

Papitto et al. 2013) is that we identify milliseond pulsars as pulsars that

have been spun up by the aretion of mass and angular momentum from a

ompanion star in a binary system. In view of that, and in spite of their rapid

spin, they are not young neutron stars. On the ontrary, it is likely that many

milliseond pulsars are even extremely old soures, of age omparable to that

of the Galaxy, and whose physial parameters and radiation ativity reeived

a refurbishment thanks to the aforementioned mass and angular momentum

transfer.

Given the signi�antly higher spin rate with respet to that of the ordinary

pulsars, the typial size of the light ylinder for the milliseond pulsars is

muh smaller and their magnetosphere is expeted to be more ompat with

respet to that of the ordinary pulsars (Xilouris et al., 1998). As for their

emission properties, milliseond pulsars show pulse pro�le shapes that, as a

population, are similar to normal pulsars (Kramer et al., 1998). However, in

average they are usually less luminous than normal pulsars (e.g. Lorimer et al.

2007), with isolated milliseond pulsars weaker than the ones inluded in binary

systems (e.g. Burgay et al. 2013 and referene therein). Milliseond pulsar

pro�les show smaller evolution with the observing frequeny with respet to

the ordinary pulsars, although they present a similar degree of depolarization at

high frequenies (Kramer et al., 1999a) and, apparently, wider emission beams.

In any ase, as for the ase of the ordinary pulsars, the phenomenology is very

ample, and the pro�le harateristis, as well as the polarization features, of

eah milliseond pulsar must be investigated on a one-by-one basis.
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1.2 Pulsar timing proedure

Eah pulsar is assoiated to a series of physial parameters, overall referred

under the name of ephemeris: aording to their physial meaning, they an be

grouped in various ategories: i.e. the rotational parameters (the spin period,

and a ertain number of spin period derivatives), the positional and kinematis

parameters (i.e. the elestial oordinates right asension and delination, plus

the proper motion and, when measurable, the trigonometri parallax), the

parameters linked with the e�ets of the interstellar medium (the DM and

its times derivatives and the RM), plus the orbital parameters (lassial and

relativisti) when the pulsar is inluded in a binary system. The exat number

of the measurable parameters depend on a variety of fators, ranging from

some intrinsi properties of the pulsar (e.g. the brightness of its signal, the

shape of the pulse pro�le, the rotational stability of the neutron star, the

environment of the pulsar), to the sensitivity of the used radio telesope and

to the apabilities of the data aquisition system, as well as the rate and

duration of the performed observations.

Typially, at the time of the disovery only 4 parameters are roughly known:

the spin period the DM, and the elestial oordinates, the latter with an

unertainty whih is of the order of the primary beam of the telesope whih led

to the disovery. These parameters, as well as the additional ones mentioned

above, an later be determined with inreasing preision thanks to a proess

alled pulsar timing. This analysis is based on measuring the time-of-arrival

(ToA) of the pulses that a pulsar emits at every rotation to the telesope and

then modeling them by inluding the minimum suitable number of parameters,

whih are usually hosen in the list above. One a model satisfatorily

reprodues the already olleted ToAs, one says that the adopted model and

the assoiated ephemeris represent a oherent timing solution for the pulsar:

in other words, all the pulsar rotations sine the beginning of the data-span

an be aounted for if using the omputed model. However, pulsar timing

is an iterative and in priniple never-ending proedure, in whih new ToAs

are always heked against the temporarily valid ephemeris and the latter are

improved for better reproduing the extended dataset and thus inreasing the

preditive apabilities of the model.
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We usually measure ToAs from the integrated pro�les. This is mainly due

to two reasons: the intrinsi weakness of the pulsars as radio soures, and

the extreme variability (in shape, �ux, polarization et.) that haraterizes

the pulsar individual pulses. An integrated pro�le P is obtained folding an

observation that begins at a ertain time ti. The ToA assoiated to P is

measured with respet to a �duial point of the pulsar �ux pro�le. One the

�duial point is hosen, a ToA is properly measured by ross-orrelating P
with a template pro�le T . The latter is a high signal-to-noise (S/N) pro�le,

obtained through a oherent addition of numerous integrated pro�les, and it is

thus assumed to be absolutely stable. Eah integrated pro�le P an be written

as:

P(t) = a+ bT (t− τ) +N (t) (1.4)

where a is a �ux o�set, b is a resaling fator, τ is the time shift between P and

T and N is the instrumental and sky noise ontributions. The ToA assoiated

to P an then be omputed as:

ToA = ti + τ (1.5)

The measurement of a ToA take plae at the telesope site. This is suboptimal,

mainly beause the Earth is a non-inertial referene frame. Thus the ToAs

must undergo a proess of barientrization, in order to go from topoentri

ToAs, measured on the Earth at the site of the radio telesope, to the

baryentri ToAs, measured at the Solar System baryenter (SSB). This

onversion has the additional advantage that all the ToAs measured from

di�erent sites on the Earth an be easily ompared. The onversion from

topoentri ToAs (tt) to baryentri (tb) requires the introdution of several

orretion addenda:

tb = tt + ttime −
d× DM

c2
+∆R +∆S +∆E (1.6)

Element ttime inlude the onversion to get from the loal time at the the

telesope site to the time of a referene frame omoving to the SSB (Baryenter

Coordinate Time, TCB). At �rst, the loal time at the telesope is onverted

to a time standard referred to the Earth geoid, the Terrestrial Time (TT).

TT is ahieved through the ombination of the atomi loks distributed from
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several world-spread ountries. These atomi loks are used to produe the

International Atomi Clok (TAI) by the Bureau International des Poids et

Mesures (BIPM), as well as a version of the TT alled TT(TAI). However,

as TAI never undergoes orretions one it is published, BIPM also provides

yearly orretions to it, and new versions of the TT are thus produed:

TT(BIPM2011), TT(BIPM2012), TT(BIPM2013) et. The latest version of

TT is thus onverted into the TCB.

Element (d×DM)/c2 orrets for the delay with respet to an in�nite frequeny

given by the dispersion in the ISM.

Elements ∆R, ∆S, ∆E - respetively Roemer, Shapiro and Einstein delays -

atually operate the onversion of the ToAs from the telesope to the SSB. In

partiular, ∆R takes into aount the light travel time between the telesope

site and the SSB position. ∆S orrets for the spae urvature indued by Solar

System bodies, while ∆E applies the time dilation orretions for the Earth

motion and the gravitational redshift aused by the Solar System bodies as

well. ∆S and ∆E are relativisti terms.

To ompute the last three elements it is learly neessary to have extremely

preise information about the SSB position, and the Solar System objets

positions, trajetories and masses. The most used planetary ephemeris are

the Development Ephemeris (DE), regularly released by the NASA's Jet

Propulsion Laboratory, indiated with resent numerial indexes: DE404,

DE414, DE421 et. Other planetary ephemeris are released by the Integrateur

Numérique Planétaire de l'Observatoire de Paris (INPOP) and by the Institute

of Applied Astronomy (IAA) of the Russian Aademy of Siene (RAS).

As mentioned at the beginning of this Setion, every pulsar is haraterized

by an ensemble of parameters, its ephemeris. We usually assess the ahieved

quality fator for eah ephemeris set by analyzing the trend of the residuals

versus the epoh of the various observations, obtained from the omparison

between the predited ToAs (on the basis of the known ephemeris) and the

observed ToAs. An ephemeris set is onsidered good when the series of the

residuals mentioned above (often referred to as timing residuals) do not show

any reognizable struture and has a small value of the root-mean-square



18 Chapter 1. Pulsars and Pulsar Timing Arrays

(rms.). In this ase, we ommonly say that the residuals are white, with a

referene to the orresponding nature of their power spetrum.

When one of the ephemeris parameters is poorly determined, it generates

reognizable features in the timing residuals: an error in the pulsar spin

period and spin period derivative would produe, respetively, a linear and

a quadrati trend, an error in the pulsar position generates a sinusoidal

trend with an yearly period, et. It is possible to orret for the errors in

the ephemeris parameters via the timing proedure. As antiipated, this

inludes the iterative linear �t of the residuals for the presumably wrong

parameters until the spurious �strutures� are neutralized and the parameters

are orreted. This proedure seems simple in priniple, but it enounters

several issues in the onrete appliation. Firstly, some timing parameters

are ovariant. This means that even if the residuals look white at the end

of the timing proedure, the ephemeris parameters ould have been wrongly

inferred. Seondly, as we usually perform a linear �t of the residuals we

need to guarantee that the post-�t timing residuals are white, otherwise we

have to supply a thorough desription of the post-�t noise in order to ensure

a orret measurement of the parameters' unertainties (these desriptions

are ommonly alled noise models). This is linked with another issue. The

majority of pulsars, in partiular the young soures, are a�eted by what we

all timing noise: a soure of features in the residuals that annot be asribed

to any error in the ephemeris parameters and shows a power spetrum with

amplitudes typially inreasing towards low frequenies. Timing noise possibly

re�ets irregularities in the pulsar rotation, inhomogeneities in the ISM, errors

in the data manipulation, et. The study of timing noise grew signi�antly

in the last years, and its thorough desription is extremely important in the

ontext of the experiments that involve high-preision pulsar timing.

Under the fundamental assumption - whih is ommonly adopted - that

the radio emission beams are strongly oupled with the underlying rotating

neutron star, the adene of the rossings between the emission beams and the

line-of-sight exatly maps the rotational behavior of the star. It results that,

as a population, milliseond pulsars are muh more stable rotators than the

ordinary pulsars. As a matter of fat, they are muh less prone to rotational
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irregularities, like glithes (i.e. a sudden inrease in the neutron star spin

frequeny, likely related to a re-adjustment in the internal struture of the

star) and/or the aforementioned timing noise, whih on the ontrary an a�et

the ordinary pulsar population. This is ommonly asribed to their being

assoiated to old neutron stars, whih had enough time for their interiors to

relax. In view of that, and of the muh higher spin rate of milliseond pulsars

with respet to ordinary pulsars (implying muh shorter radio pulses and hene

a potentially muh better determinations of the time of arrival of the pulses

themselves), the former are, as a population, muh better timers (i.e. loks)

than the ordinary pulsars. In term of the quality of the timing residuals, one

an simply state that, in general, milliseond pulsars are haraterized by a

signi�antly smaller rms in the timing residuals than the ordinary pulsars.

1.3 Pulsars as detetors of gravitational waves

Einstein theory of general relativity (Einstein, 1916) a�rms that a biunivoal

link exists between mass and spae urvature: spae urvature is de�ned by

the mass potential, and mass traveling paths are onstrained by the spae

urvature itself. In partiular, general relativity predits the existene of

gravitational waves. Gravitational waves are time-dependent deformations

of the spae-time. One su�iently far away from any soure of spae-time

urvature (that is, in the linear, Minkowskian spae), and in the extremely

reasonable hypothesis that the perturbation of the spae-time itself that they

indue is small, it an be demonstrated that they propagate at the light speed

as transversal quadrupole waves. Gravitational waves have never been diretly

deteted. However, their presene was indiretly assessed �rstly thanks to the

measurement of the orbital deay ourring in the relativisti double neutron

star binary of Hulse and Taylor (Hulse and Taylor, 1975), that follows with

very high preision the rate predited assuming the existene of gravitational

radiation. More reently, the measurements of the orbital deay in the Double

Pulsar (Burgay et al., 2003; Lyne et al., 2004; Kramer et al., 2006) led to an

even more onstraining validation of the preditions of the Einstein theory.

For the priniples of mass and momentum (orresponding to the monopole

and dipole moments) onservation, the lowest moment the time-variation of
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whih an indue the prodution of gravitational waves is the quadrupole

moment. Higher moments too an generate gravitational waves, but their

intensities would be extremely lower. In Astrophysis, the most likely soures

of gravitational waves are thus those that, during their evolution, break the

onstany of the quadrupole moment as, for example, the binary systems.

The amplitude of a gravitational wave an be represented by the frational

distortion that it indues in the rossed time-spae alled strain, h. Assuming

a binary system of equally massive stars in a irular orbit, the strain of the

generated gravitational wave inreases with the power 5/3 of the mass of the

stars and with the power 2/3 of the orbital frequeny and linearly dereases

with the distane of the system to the observer. That is, the more massive

and the faster are the bodies in the binary system and the loser is the system

itself to the Earth, the higher is the gravitational wave strain. However, the

order of magnitude of the onstants in the formula that de�nes the strain h

is about 10−54
(gs). This means that even with extremely massive stars that

an reah very tight orbits (thus we speak of ompat objets), the strain

of the produed gravitational waves is tiny. Conerning the frequeny of the

emitted gravitational waves, it is twie the orbital frequeny itself. To give a

referene example, if we assume a oalesing binary system that is made of

two supermassive blak holes with a mass of 109 M⊙loated at a distane of 1

Gp and having a oalesent time shorter than a Hubble time, the frequeny

range of the emitted gravitational waves is inluded approximately between

10−6
and 10−10

Hz, and the strain amplitude between 10−14
and 10−17

(Ja�e

and Baker, 2003; Sesana et al., 2009; Sesana, 2013). We stress that due to the

slow inspiraling of suh a kind of soures, the generated gravitational waves

an be onsidered monohromati.

Sine their disovery, pulsars unique harateristis made them amazing tools

that an be used to explore several �elds of Physis. Given their extreme

onditions of degenerate matter and gravitational �eld assoiated to these

objets, they are laboratories to onstrain the equation of state of the

superdense nulear matter and to test strong-�eld gravity. They are used to

probe the Milky Way struture, the ISM density, magnetism and turbulene,

as well as to understand binary star evolution and globular luster dynamis

(Cordes et al., 2004; Kramer, 2004; Lorimer and Kramer, 2005). Beyond, and
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on top of all the aforementioned appliations, the last years saw the exponential

development of a Nobel-prize lass experiment, alled Pulsar Timing Arrays,

that exploits the amazing rotational stability and lok-like behavior of pulsars,

and in partiular of the milliseond pulsars, to searh for a diret detetion of

the gravitational waves.

1.3.1 The basis onepts and pratiabilities of the Pulsar Timing

Array experiments

The e�et of the passage of a gravitational wave (GW) in the spae-time

among a pulsar and an observer is a periodi quadrupolar deformation of

the spae-time, whose frational amount given by the strain amplitude of

the gravitational wave itself. Sine radio pulses travel along geodesis in the

spae-time, the spae-time distortions leave a signature in the observed ToAs

from a milliseond pulsar. If the GW soures were powerful and lose enough

to the Milky Way, the aforementioned signature would be easily detetable

even when performing ordinary timing observations of a partiularly stable

milliseond pulsar. As a rule-of-thumb, and in absene of other e�ets/biases,

timing observations repeated along a timespan Tspan of a milliseond pulsar

having a typial ToA unertainty σToA ould unveil a GW haraterized by a

dimensionless strain h(fgw) at the frequeny fgw ∼ 1/Tspan if σToA/Tspan <

h(fgw). As an example, the existene of a supermassive blak hole (SMBH)

binary in a short period orbit, that had been laimed in 2003 to be hosted

in the radio galaxy 3C66, loated at a redshift z = 0.02 (Sudou et al., 2003),

was soon exluded at 95% on�dene level, simply by looking at the timing

residuals of the observations of the milliseond pulsar PSR B1855+09 (Jenet

et al., 2004). In fat, the ripples in the spae-time aused by the laimed

GW soure would have left learly visible trends (with an amplitude of order

5 µs and a period of ∼ 1 year) in the timing residual, whih on the ontrary

appeared to be �at, one a standard model for the pulsar rotation (i.e. a model

whih did not aount for any by-passing GW) was applied and �t to the data.

However, it appears very unlikely to have a strong emitter of GWs at a

frequeny fgw detetable via the timing residual analysis of an individual

pulsar (i.e. typially fgw;<; 10
−7

Hz, see below) that is also loated in the

surroundings of our Galaxy. What is muh more probable is that any GW
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signal in that frequeny range will be very weak: hene, the signature left

in the timing residuals will be marginal. In this ase, it beomes extremely

di�ult to ahieve an unambiguous detetion of a GW by using the data only

from one pulsar, also beause of the di�ulties in perfetly aounting for other

e�ets (e.g. timing noise, errors in the referene lok(s), unertainties in the

Solar System ephemeris needed for baryentering the ToAs) whih ould be

intrinsially related to the given pulsar, or for the ISM traveled by the radio

pulses, or for the instrumentation used to ollet and/or model the data.

Most of these problems an be alleviated by studying an ensemble of

milliseond pulsars, loated at di�erent positions in the sky. In fat, sine

a by-passing gravitational wave would a�et the entire spae-time surrounding

the Earth, it is expeted that the signatures imprinted in the ToAs of eah

pulsar will be orrelated in a preditable way (depending on the spei�

soure of the searhed GWs), when simultaneously inspeting the ToAs from

a number of pulsars. This is the basi idea behind the onept of a Pulsar

Timing Array (PTA): searhing, over deade-long timesales, for orrelations

among the timing residuals of an ensemble of milliseond pulsars, distributed

at various elestial oordinates and regularly monitored. In a pitorial way,

one an imagine the array as if it were an interferometer with many arms (one

for eah targeted pulsar), with the length of the various arms being strethed

and/or shrunk aording to the mutual orientation of the arms with respet

to the diretion of propagation of the GWs.

In fat, at �rst approximation, the frequeny range over whih a PTA an be

sensitive to the ourrene of GWs is set on one side (the upper frequeny)

by the typial minimum adene between two suessive observations of the

pulsar ensemble, i.e. one every few weeks. On the other side, the lower

detetable GW frequeny is given by the duration Tspan of the longest pulsar

data sets, whih is nowadays of the order of some tens years. Those limits

orrespond to the interval between fgw ∼ 10−9
and fgw ∼ 10−7

Hz and explain

why the operational frequeny range for a PTA is often reported as that of the

nanoHertz, that is, gravitational waves whose period is approximately one-ten

year(s). In this range, by assuming white residuals from the �tting of a pulsar

model to the olleted ToAs, it is possible to show that the best sensitivity is
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reahed at the frequeny fbest ∼ 1/Tspan, i.s. at the lowest frequeny edge of

the interval.

As it was antiipated above, an expeted soure of low-frequeny gravitational

waves is typially represented by SMBHs, the frequeny of emission of whih

being fgw = 3(M/109 M⊙)
1/2(a/0.01 pc)−3/2

nanoHz where M is the mass

of the BH and a the orbital separation. The urrent paradigm for most of

the models for the formation of the large strutures in the Universe states

that mergers represent an essential part in the formation and evolution of the

galaxies, and that massive BHs (with mass above 1 million solar masses) an

be found in the nulei of most (if not all) the galaxies. Given these premises,

there should exist a huge number of SMBH binaries in the early stage of

the Universe. Their fate is to progressively approah eah other, while also

sinking towards the enter of their host galaxies, as a onsequene of a not yet

ompletely assessed mehanism, likely involving dynamial frition and/or the

e�ets of a gaseous omponent in the environment. One they reah orbital

separation of order 1 p, the emission of GWs beome the dominant mehanism

of additional shrinking of the binary. In this senario, there should be plenty

of super massive BH binaries emitting in the frequeny range 1− 10 nanoHz.

However, only a very small number of them is expeted to be nowadays loated

lose enough to the Earth for them to be detetable as single soures of GW

(e.g. Yardley et al. 2011; Sesana et al. 2014).

On the ontrary, the most probable GW soure to be deteted through

pulsar timing is an inoherent superposition of low-frequeny gravitational

wave originated from a large number of the aforementioned oalesing SMBH

binaries, whih populated the early universe. This superposition generates

an isotropi and stohasti bakground of gravitational waves (GWB; Sesana

et al., 2009; Ravi et al., 2014).

It has been shown sine a while (Detweiler, 1979), that the power spetrum of

this GWB, PGWB(fgw), should have a spei� shape as well:

PGWB(fgw) =
A2

12π2

(

fgw
fgw,yr

)2α−3

(1.7)

where A is the GWB amplitude for a frequeny fgw = fgw,yr = (1yr)−1
, while
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Figure 1.2: The Hellings and Downs urve

α sets the slope of the power-law spetrum assoiated with the dimensionless

strain h, and it is predited to be −2/3 for an isotropi and stohasti GWB

(Phinney, 2001; Ja�e and Baker, 2003). More reent investigations, based on

population synthesis of SMBH from merging of galaxies hosting seed massive

BHs (Sesana et al., 2008), indiate that the highest ontribution to the total

GWB signal results from binaries loated around z = 1. When dealing with

a osmologial bakground, in plae of the dimensionless strain, it is often

preferred to indiate the GW spetrum in term of Ωgw, i.e. the energy density

per logarithmi frequeny interval normalized to the ritial energy density

ρc needed for losing the Universe ρc = 3H2
o/8πG, where Ho is the Hubble

onstant and G the Newton onstant. It turns out that:

Ωgw =
1

ρc

d log ρgw
dlog fgw

(1.8)

and hene, if the spetrum of the strain h of the aforementioned GWB sales

as a power-law with α = −2/3, the related spetrum of Ωgw(fgw) goes like a

power-law with index 2/3, i.e. ∝ f
2/3
gw .

It has also been demonstrated more than 30 years ago (Hellings and Downs,

1983) that, given a PTA, an isotropi and stohasti GWB leaves a reognizable

trend in the angular orrelation between the timing residuals of independent
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pulsar pairs, separated by an angular distane θij . This trend, alled Hellings

and Downs urve is analytially given as:

C(θij) = ζ(θij) =
3

2
x log(x)− x

4
+

1

2
(1.9)

where x = [1 − cos(θij)]/2. The Hellings and Downs urve is reported in

Figure 1.2: inspeting that Figure it is possible to notie that the orrelation

at an angular separation of zero degrees (that means that the soures are

oinident on the sky projetion) is 0.5 instead of unitary. This is beause

the ToA delays indued by the passage of a GW inlude two ontributions

(Lommen, 2012): the e�et of the GW passing the Earth (often known as

the Earth term) and also the e�et of the GW passing the pulsar (the pulsar

term). The Earth term is angularly orrelated between pulsar pairs, and it

is the dominant omponent in shaping the Hellings and Downs urve shown

in Figure 1.2. On the other hand, the pulsar term of a GWB will indue

unorrelated noise haraterized by a low-frequeny (�red�) power spetrum

in the pulsar timing residuals. In fat, the pulsar term would give a spatial

orrelation, but as we do not know the distanes of pulsars with a su�ient

auray, we annot make any use of a spatial orrelation, that thus arries

away half of the total amount of orrelation between the timing residuals.

In summary, by fully exploiting an idea whih was �rst proposed by Romani

1989; Foster and Baker 1990, the �rst target of the urrent PTA experiments

is the diret detetion of a gravitational wave bakground generated by

supermassive blak hole binaries in the early Universe through pulsar timing.

On the pratial side, the �rst step is a areful hoie of a possibly large

number (for having a good angular overage of di�erent diretions in the

sky) of milliseond pulsars that present both a bright and suitably peaked

pulse pro�le (thus allowing the observer to determine the ToA assoiated

to a single observation with a low level of unertainty) and an exellent

rotational stability, i.e. a low level of timing noise. The ombination of these

fators with the present observational apabilities, leads to selet some tens

(typially from ∼10 to ∼30) of milliseond pulsars, having timing solutions

with a rms in the range from tens of nanoseonds for the best timers up to 1

miroseond for still useful objets. However, pulsar searh experiments are

keeping on running at the largest single-dish radio telesopes (e.g. Areibo,
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E�elsberg, Parkes at about 1400 MHz, and Green Bank and Lofar at lower

radio frequenies) in order to disover new milliseond pulsars suitable to enter

a PTA and/or apable to replae in the array(s) some of the targets with

the poorest properties. Simulations shows that very high quality milliseond

pulsars will be �nally available after the �rst stage of the Square Kilometer

Array (SKA1) will be ommissioned (Janssen et al., 2015).

Seondly, it is neessary to maintain a regular observing adene in order to

ensure an as muh as possible uniform sampling along the time span (Levin

et al., 2012). In this ontext, the availability and oordinated use of multiple

telesopes, like is the ase for the NanoGrav organization (see below) and, even

better, for the EPTA ommunity (see later), gives ertainly an edge.

A third very important point is the aurate development of pipelines of data

redution and statistial investigation of the data to hek for the presene

of the signature of a GWB in the angular orrelations between the timing

residuals. In this ontext, many approahes to the data analysis have been

proposed: from the Sperial Harmoni Deomposition (Detweiler, 1979; Ja�e

and Baker, 2003) to the Two Points Correlation, fousing either on the time

derivative of the residuals (Hellings and Downs, 1983) or diretly onto the

residuals themselves (Jenet et al., 2005; Hobbs et al., 2012). As far as the

used statistis, the works an also be approximately distinguished in two large

ategories, i.e. those relying on a frequentists approah and those largely

using Bayesian inferene. Nowadays few pipelines and odes, independently

developed, have been heked and are available. Moreover, a large e�ort have

been undertaken by the whole PTAs' ommunity (e.g. the IPTA organization,

see later) in order to ross hek their apabilities. The results of this

omparison are expeted to be published soon.

Although the work developed and reported in this Thesis (see Chapter

??) will also fous on the issues related with the detetion of the GWB

desribed above, it is worth mentioning here that there are other GW soures

whih ould be potentially interesting for the PTAs and/or the physis of

whih an be onstrained by the observations of the PTAs. For instane, a

bakground of GWs released from Cosmi Strings when Loops are formed and
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then osillate (Caldwell et al., 1996; Maggiore, 2000; Damour and Vilenkin,

2005), or a bakground of reli GWs resulting from the in�ationary era, via

rather speulative mehanisms, like quantum �utuation and/or in�ationary

generated �elds, as well as produed during Phase Transitions, assoiated with

bubble ollisions, topologial defets, primordial turbulene (Grishhuk, 2005;

Boyle and Buonanno, 2008). As earlier disussed, besides the ase of the

osmologial bakgrounds (i.e. the e�et of the superposition of a large number

of similar soures), PTAs have also the potentiality of diretly deteting the

GW emitted by a single disrete soure, like a SMBH binary orbiting in a ∼
yr-long orbit in the nuleus of a not too far galaxy. Although the probability

of deteting this kind of event is not very high with the present telesopes and

instrumentation, with new generation telesopes, like SKA, the perspetives

appears very good, with detetion probability above 90% (Janssen et al., 2015)

assuming the urrent theoretial models for the distribution of SMBH binaries

in the Universe. Other sporadi events whih ould also be deteted are

the GW bursts with memory (Favata, 2009), whih, in astrophysis, typially

our in events whih are aompanied by large amount of mass or radiation

ejeted in an asymmetri fashion (Braginskii and Thorne, 1987); the same

e�et is alled Christodoulou e�et, if the ejeted partiles were gravitons

(Christodoulou, 1991; Blanhet and Damour, 1992). In this ase, the jump

in the metri of the spae-time is permanent and thus it produes a linear

inreasing of the pulsar timing residuals with time, likewise a pulsar glith

(see above), but easily reognizable by a PTA sine it will involve all the

observed pulsars. van Haasteren and Levin 2010 have shown that they are

detetable with urrent failities for SMBH binaries of 108 M⊙ up to ∼1 Gp,
or everywhere in the Universe for 1010 M⊙.

It is also important to note that the interval of GW-frequenies at whih the

PTAs are sensitive is niely omplementary to the ranges on whih both the

original and the advaned versions of the ground-based interferometri GW

detetors, like LIGO and VIRGO, are tuned, i.e. GW-frequenies between 10

and 1000 Hz. Also, the new planned eLISA spae interferometer will operate

(sine the early '30) approximately in the range between 10−4
and 10−1

Hz,

just in the spetral region between that of the PTAs and of LIGO/VIRGO.

Moreover, experiments devoted to exploit the Polarization properties of the
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Cosmi Mirowave Bakground are potentially sensitive to GWs at muh

smaller frequenies than the PTAs.

Finally, it is interesting to mention that the detetion of GWs is not the only

target of the PTA experiments. Given the nature of the olleted data and the

searh for a ommon signal underlying the timing residuals, at least two other

studies an be arried on: the searh for errors in the time standard onversion

hain and the attempt to improve the planetary ephemeris, both of whih are

strongly linked with the timing proedure, as desribed in Setion 1.2.

1.3.2 Pulsar Timing Arrays in the world

At the moment, three ollaborations are arrying on PTA experiments.

European Pulsar Timing Array, EPTA − the EPTA (Kramer and Champion,

2013) joins members from several institutes in Europe (in Germany, UK,

Frane, the Netherlands and Italy) and has aess to the �ve major radio

telesopes in Europe to ollet pulsar observations:

� the E�elsberg radio telesope (Germany), a 100-mt single dish telesope.

It has been performing oherently de-dispersed pulsar observations,

�rst with the E�elsberg Berkeley Pulsar Proessor (EBPP) and later

with Asterix, a bakend based on Reon�gurable Open Arhiteture

Computing Hardware (ROACH) boards.

� the Lovell telesope at the Jodrell Bank Observatory (U.K.), a 76.2-

mt single dish radio telesope. The observations are simultaneously

performed with two bakends, a Digital FilterBank (DFB) and a ROACH

that is able to perform a oherent de-dispersion of pulsar data;

� the Westerbork synthesis radio telesope (the Netherlands), an

interferometer made of 12 antennas with a diameter of 25 mt,

orresponding to a 93-mt single dish. A bakend performing the oherent

dedispersion of the data is available, know as Pulsar Mahine II (PuMa

II);

� the Nançay deimetri radio telesope (Frane), a transit telesope with a

surfae equivalent to that of a 90-mt single dish telesope. Coherently de-

dispersed pulsar observations started with the Berkeley Orléans Nançay
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(BON) bakend, and later with the Nançay-Ultimate-Pulsar-Proessor-

Instrument (NUPPI);

� the Sardinia radio telesope (Italy), a 64-mt single dish telesope.

Currently under ommissioning, it an perform inoherently de-

dispersed observations with a DFB bakend, and oherently de-dispersed

observations with a ROACH board.

A subset of the observations are simultaneously performed by the 5 radio

telesopes above, in the framework of a EU-funded projet known as LEAP

(Large European Array for Pulsars, Kramer and Champion 2013). These

observations are expeted to produe the best series of pulsar timing data

taken ever for most of the inspeted milliseond pulsars, sine the equivalent

olleting area of the 5 telesopes is that of a single dish of more than 200mt

diameter, omparable with the e�etive area of the Areibo dish (the largest

single dish available so far), but able to look at a muh larger number of

milliseond pulsars than Areibo.

Nowadays, the EPTA follows 41 milliseond pulsars, 18 of them with high

priority due to their timing preision. ToAs are ombined from the di�erent

telesopes in order to obtain a unique data set for eah pulsar. The odes

developed to searh for the presene of a GWB typially work in the frame of

the Bayesian statistis (van Haasteren et al., 2009, 2011).

Parkes Pulsar Timing Array, PPTA − the PPTA (Hobbs, 2013) joins

members from various institutes mainly loated in Australia. It ollets

pulsar observations with the 64-mt Parkes single dish radio telesope

(NSW, Australia) simultaneously using typially four bakends, two DFBs

that perform an inoherent de-dispersion as well as two devies able to

perform a oherent de-dispersion of the inoming data: the ATNF Parkes

Swinburne Reorder (APSR) and the CASPER (Center for Astronomy Signal

Proessing and Eletronis Researh) Parkes Swinburne Reorder (CASPSR).

20 milliseond pulsars urrently made the top priority group of soures

monitored by the PPTA. The detetion ode typially adopted by this

ollaboration (Yardley et al., 2011) is based on the frequentist statistis.

North Amerian Nanohertz Observatory for Gravitational Waves (Nanograv)

− Nanograv (MLaughlin, 2013) joins members from di�erent North Amerian
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institutes. It ollets pulsar observations with two di�erent telesopes:

� the Green Bank radio telesope (West Virginia, USA), a 100-mt single

dish telesope. Coherently de-dispersed observations are arried on with

the Green Bank Ultimate Pulsar Proessing Instrument (GUPPI);

� the Areibo radio telesope (Puerto Rio), a 300-mt, not fully steerable

single dish telesope. Coherently de-dispersed observations are performed

with the Puertorian Ultimate Pulsar Proessing Instrument (PUPPI).

Nanograv observes 36 milliseond pulsars, and makes major use of Bayesian

statistis-based odes to searh for a GWB in the olleted data (Ellis et al.,

2013).

These three ollaborations refer to a more global organization, the

International Pulsar Timing Array, IPTA (Manhester and IPTA, 2013), that

has been established with the aim to maintain and foster the ommuniations

between the various groups, disussed ommon data format and exhange

properly formatted ToAs olleted by the various ollaborations, ross-hek

the data and the detetion pipelines, setting up key experiments and projets

making use of shared data and expertise.

1.3.3 The limits obtained so far

To date, no detetion of GWB was made by any of the three ollaborations

listed above; however, progressively more onstraining upper limits on the

strain amplitude of the GWB has been determined. All the values reported

below refers to upper limits at 95% on�dene level, for the ase of a

bakground of GWs measured at a referene frequeny fgw = 1/yr and

generated by SMBH binaries, the olletive e�et of whih results in a GW

spetrum with spetral index α = −2/3.

Nanograv published its sensitivity limit in 2013 (Demorest et al., 2013),

laiming that the amplitude of the GWB was less than 7× 10−15
. This result

on�rmed what showed by the EPTA two years earlier (van Haasteren et al.,

2011), with a sensitivity limit of approximately 6× 10−15
. In 2013, the PPTA

estimated that their used observational setup yields an upper limit of about

2.4×10−15
, whih is the best sensitivity limit published so far (Shannon et al.,
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2013).

Although the reported upper limits are not disriminating yet for onstraining

the expeted properties of the population of SMBH binaries, their values are

now really approahing the range predited by the most updated senarios

for the formation and evolution of these systems (Sesana, 2013). That in

turn means that the urrent PTAs are about to reah a sensitivity whih may

�nally lead them to obtain the �rst diret detetion of a gravitational wave

bakground.

In this perspetive, it beomes now very urgent to properly identify and

investigate, on a one-by-one basis, the major spurious e�ets whih ould

mimi in the data the presene of a GWB. In a more quantitative approah,

it is neessary to quantify the level at whih these e�ets an inrease the

so-alled False Alarm Probability (FAP), that is the probability for the data

analysis pipeline(s) to reognize in the data the signature of a GWB when

no real gravitational wave signal is indeed present. This is one the studies

performed in the ontext of this Thesis.





Chapter 2

Polarization in�uene in pulsar

data

Based on:

� The High Time Resolution Universe Survey - IX: Polarimetry of long-

period pulsars, C. Tiburzi et al. 2013, MNRAS, Vol. 436, p.3557-3572

� Erratum: The High Time Resolution Universe Survey - IX: Polarimetry

of long-period pulsars, C. Tiburzi et al. 2014, MNRAS, Vol. 445, p.3009-

3510

� The statistis of radio astronomial polarimetry: superposition and

partial oherene of polarized modes, W. van Straten & C. Tiburzi, in

preparation.

In this Chapter we disuss several aspets of pulsar polarization, inluding two

tehniques to evaluate the Stokes parameters and some of their appliations.

In Setion 2.1 we brie�y summarize the general onepts about the Stokes

parameters. In Setion 2.2 we give an overview of pulsar polarization

literature, emphasizing the disussion that ompares the omposition state

of orthogonal polarized modes. In Setions 2.3 and 2.4 we desribe one of the

two tehniques to ompute the Stokes parameters, that is partiularly suitable

for low signal-to-noise soures, and its appliation to a numerous sample of

pulsars. In Setions 2.5 and 2.6 we desribe how the study of the fourth

moment of the eletri �eld allows to newly lassify the orthogonal polarized

mode omposition, and a preliminary appliation to real data that opens to

the possibility of a far more preise way to subtrat the noise bias in the

33
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omputation of the fourth moment of the eletri. In Setion 2.7 we summarize

the pratial results of the Chapter.

2.1 Stokes parameters in a nutshell

For sake of ompleteness, we summarize some general onepts and de�nitions

about polarization. We follow the IAU and IEEE onventions (Hamaker and

Bregman, 1996), and we use Rybiki and Lightman (1979) and Rohlfs and

Wilson (2000) as referenes when not otherwise indiated.

2.1.1 Monohromati waves

Let us onsider a Cartesian tern of orthogonal axes, x, y and z. Let us also

onsider an eletri �eld

−→
E , part of a monohromati, eletromagneti wave

haraterized by a wavelength λ, a wavenumber β = 2π/λ and an angular

frequeny ω = 2πc/λ, that propagates along z and an be deomposed in two

omponents Ex and Ey along the x and y axes:

Ex = E1 cos (ωt− βz − δ1)
Ey = E2 cos (ωt− βz − δ2)

(2.1)

with E1 and E2 being the onstant amplitudes of the two omponents. In a

monohromati wave, the phase di�erene δ = δ2−δ1 between Ex and Ey is also

time-independent: this (or also if E1 or E2 is zero) states that a monohromati

wave is always 100% polarized.

It is possible to demonstrate that Equations 2.1 lead to the parametri

representation of a ellipse rotated by an angle χ with respet to the x and

y axes, whose eentriity e is tied to an angular oordinate ǫ suh as:

tan ǫ =
√
1− e2, and entered on the origin of the referene system if we

impose that:

E1 cos δ1 =
√

E2
1 + E2

2 cos ǫ cosχ

E1 sin δ1 =
√

E2
1 + E2

2 sin ǫ sinχ

E2 cos δ2 =
√

E2
1 + E2

2 cos ǫ sinχ

E2 sin δ2 = −
√

E2
1 + E2

2 sin ǫ cosχ

(2.2)

This means that, with time,

−→
E draws an ellipse in a plane that is perpendiular

to z. Speial instanes of elliptial polarization are irular and linear

polarization. Cirular polarization ours if Ex = Ey = E0 and δ = ±π/2:
in this ase,

−→
E draws a irumferene of radius E0. The irumferene is
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drawn lokwise (as seen by the observer) if δ = −π/2 or ounter-lokwise if

δ = π/2. A lokwise irular polarization is de�ned as left-handed, an anti-

lokwise irular polarization is de�ned as right-handed. Linear polarization

ours if δ = 0 or δ = π: in this ase,

−→
E osillates along a onstant diretion

in time, that forms an angle θ with x̂. θ is alled position angle (PA; or

polarization angle), and it is de�ned as:

θ = tan−1 Ey

Ex

(2.3)

Four quantities, alled Stokes parameters, are introdued to desribe the

polarized state of the eletromagneti radiation, although in the ase of

fully polarized radiation (i.e., the monohromati wave hase), only three are

independent. They are de�ned as:

I = E2
1 + E2

2 = E2

Q = E2
1 −E2

2 = E2 cos 2ǫ cos 2χ
U = 2E1E2 cos δ = E2 cos 2ǫ sin 2χ
V = 2E1E2 sin δ = −E2 sin 2ǫ

(2.4)

where Stokes parameter I learly represents the total intensity. It is ommon to

express the Stokes parameters as elements of a four-vetor S = (I, Q, U, V ). As

only elements Q,U, V ontain polarization information, it is useful to introdue

the polarization vetor, p = (Q,U, V ). The tridimensional spae whose axes are

represented by Stokes Q,U, V (sometimes by Q/I, U/I, V/I) is alled Poinaré

sphere, and it is extremely useful to study some very interesting polarization

features that will be introdued along in the Chapter.

In the ase of a monohromati wave, that is always 100% polarized, we have

that I2 = p2 (only three out of four Stokes parameters are independent). The

most general polarization state for a monohromati wave is to be elliptially

polarized: this implies that Q, U and V are all non-zero. If the monohromati

wave is irularly polarized (E1 = E2, δ = ±π/2, ǫ = ±π/4), we have that

Q = U = 0, and V = ±I. If it is linearly polarized (δ = 0 or δ = π and

ǫ = 0), we obtain that V = 0 and I2 = Q2 + U2
. This demonstrates that

Stokes parameter V is only tied to irularly polarized radiation, while Stokes

Q and U haraterize linearly polarized radiation.
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2.1.2 Quasi-monohromati waves

A monohromati wave is, by de�nition, 100% polarized. However, this is an

ideal, non-existing ase in nature.

The radiation we reeive from astrophysial soures is never monohromati,

and always partially polarized. That is, the phase di�erene δ between

omponents Ex and Ey is time-dependent (possibly ompletely random), as

well as the amplitudes E1 and E2, and the reeived emission is omposed of a

part of polarized radiation and a part of unpolarized radiation. In this ase, all

four Stokes parameters must be de�ned as averages over a statistial sample

of the eletri �eld vetor:

I = 〈E2
1 + E2

2〉
Q = 〈E2

1 − E2
2〉

U = 〈2E1E2 cos δ〉
V = 〈2E1E2 sin δ〉

(2.5)

where the angular brakets 〈〉 indiate a time average.

The omputation of the time averages of Equations 2.5 is not obvious, and

requires some omplex algebra. For this reason, it is easier and more useful to

express the eletri �elds using their omplex-valued analyti representation

(van Straten, 2003):

Vx = Ex + iÊx = E1e
i(ωt−δ1)

Vy = Ey + iÊy = E2e
i(ωt−δ2)

(2.6)

where we always assume z = 0 for sake of simpliity and Êx and Êy are the

Hilbert transform of Ex and Ey. Through this representation, the de�nition

of the Stokes parameters in the presene of quasi-monohromati radiation is

given by the seond moments of the eletri �eld:

I = 〈Vx, V ∗
x 〉+ 〈Vy, V ∗

y 〉
Q = 〈Vx, V ∗

x 〉 − 〈Vy, V ∗
y 〉

U = 〈Vx, V ∗
y 〉+ 〈Vy, V ∗

x 〉
V = 1

i

(

〈Vx, V ∗
y 〉 − 〈Vy, V ∗

x 〉
)

(2.7)

In the ase of quasi-monohromati radiation, we have that I2 ≥ p2.

2.1.3 Matrix representation of the Stokes parameters

Given a measurement ensemble of the transverse (with respet to the observer)

eletri �eld

−→e emitted by a soure, the seond order statistis an be also
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studied via the ohereny matrix ρ, whih is a 2× 2 omplex matrix given by

(Born and Wolf, 1980):

ρ = 〈−→e ⊗−→e 〉 (2.8)

where the ⊗ symbol indiates a tensor produt. In the previous paragraphs

we presented the four Stokes parameters of an ensemble of transverse eletri

�elds as the elements Sk (0 ≤ k ≤ 3) of a vetor S. Elements Sk an be de�ned

from ρ after introduing the Pauli matries σi:

σ0 =

[

1 0
0 1

]

σ2 =

[

0 1
1 0

]

σ3 =

[

0 −i
i 0

]

σ1 =

[

1 0
0 −1

]

(2.9)

as (Britton, 2000; van Straten, 2009):

ρ = Skσk/2
Sk = Tr(σkρ)

(2.10)

where Tr is the matrix trae operator and repeated indexes imply a summation

along the ranges spanned by the indexes themselves.

As the Pauli matries are a base of traeless Hermitian matries, and satisfy

spei� multipliation rules, the Stokes four-vetor S is assoiated to the

Lorentz group (Britton, 2000). We an then de�ne an inner produt between

two Stokes four-vetors A and B as:

A ◦B ≡ AkBk = ηkkAkBk = A0B0 −A·B (2.11)

where we reall that A = (A1, A2, A3) (and likewise B) and η is the Minkowski

metri written as:









1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1









(2.12)

From Equation 2.11 it is possible to introdue the Lorentz invariant of a Stokes

four-vetor:

S2 ≡ S ◦ S = S2
0 − |S|2 = 4|ρ| (2.13)
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Figure 2.1: Detail from Figure 2 of Johnston and Weisberg (2006): �ux versus pulse

phase plot of PSR J1016−5857. The blak, red and green lines represent, respetively,
the pulse pro�les in I, L and V .

where |ρ| indiates the determinant of matrix ρ and, again, we reall that

S=(S1, S2, S3) as well as an Eulidean norm:

‖S‖2 = S2
0 + |S|2 = 4‖ρ‖2 (2.14)

where ‖ρ‖ is the Frobenius norm.

These de�nitions will be useful in Setion 2.5.

2.2 Polarization emission as a tool in pulsar siene

Polarization is one of the most striking features of pulsar radio emission.

High degrees of linear polarization, typially higher than those seen in other

astrophysial soures, an be found in integrated pro�les (see Figure 2.1 from

Johnston and Weisberg 2006 and also Crawford et al. 2001).

In soures with a spin-down luminosity (Ė) less than 5 × 1033 erg s

−1
, the

average degree of linear polarization L reahes 20%, while it exeeds 50% in

those where Ė > 2× 1035 erg s

−1
(see Figure 2.2 of Weltevrede and Johnston

2008 and Gould and Lyne 1998; von Hoensbroeh et al. 1998).

Single pulse observations an be even more polarized, with the degree of

linearly polarized emission sometimes reahing 100% (Levin et al., 2012). The

fration of irular polarization is lower, around 10%. L is typially anti-
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Figure 2.2: Figure 8 of Weltevrede and Johnston (2008): perentage of L versus Ė.

orrelated with observing frequeny (see Figure 2.3 from Keith et al. 2012 and

Johnston et al. 2008). Cirular polarization is usually brighter in the enter (or

ore) of a pulse pro�le (Rankin 1993, Gould and Lyne 1998). It often shows

handedness variability as a funtion of pulse longitude (Radhakrishnan and

Rankin, 1990), and in many ases hand reversal also ours near the pro�le

enter (see Figure 2.4 from Karastergiou and Johnston 2004).

A thorough understanding of the omplex nature of pulsar polarization is

a fundamental ingredient to give a unique insight into the emission beam

struture above the polar aps (Rankin, 1983; Lyne and Manhester, 1988;

Han and Manhester, 2001; Karastergiou and Johnston, 2007; Beskin and

Philippov, 2012).

One of the �rst features noted soon after the disovery of pulsars (Hewish et al.,

1968) was that some of these objets displayed a rapid sweep of the polarization

angle aross the pulse pro�le, resulting in an S-shaped trend. This behavior

was suessfully explained by the Rotating Vetor Model (RVM) introdued by

Radhakrishnan and Cooke (1969) and Lyne et al. (1971). In the RVM, the PA

is determined by the orientation of the magneti �eld lines. As the pulsar turns,

the line of sight rosses the magneti �eld lines with a ontinuously hanging

orientation (see Figure 2.5). It is thus expeted that the phase resolved PA

trend follows a S-shaped swing desribed by the following formula:

PA− PA0 =
sinα sin(φ− φ0)

sin(α + β) cosα− cos(α+ β) sinα cos(φ− φ0)
(2.15)

where PA0 is the PA value at a pulse longitude φ = φ0 whih is de�ned as

the pulse phase at whih the pulsar magneti axis, the rotational axis and the
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Figure 2.3: Figure 5 of Keith et al. (2012): polarization pro�les of PSR J1017−7156
at (a) 732, (b) 1369 and () 3100 MHz, showing phases within ±40◦ of the pulse

peak. The blak, red and blue lines show, respetively, I, L and V . The inset �gures

show the pro�le over the full 360◦ of pulse phase.
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Figure 2.4: Detail from Figure 5 of Karastergiou and Johnston (2004): integrated

pro�le of PSR B1702−19 at 1.41 GHz (both the main pulse and interpulse). The

blak, red and light blue lines show, respetively, the average S/N of the I, V and

|V |. The insert represents the full polarization pro�le, inluding L (dashed line), and

the PA ranging from −90◦ to 90◦.

Figure 2.5: Rotating vetor model, �gure taken from the Handbook of pulsar

astronomy (Lorimer and Kramer, 2005). In the upper part of Figure a) is reported

a pole-on view sheme of the emission beam and the pulsar magneti �eld line. The

line-of-sight sweeps the magneti �eld lines, and the observed PA (in the lower part

of the Figure) mirrors the hange in their orientation. Figure b) reports the expeted

polarization angle swings as a funtion of di�erent ombinations of the angular

separation between magneti and rotational axes, α, and the impat parameter β.
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observer's line-of-sight are oplanar (often referred at as �duial plane), α is the

angular separation between the two aforementioned axes and β is the impat

parameter (i.e., the smallest angular separation between the line-of-sight and

the magneti axis). Thus, in priniple, the PA an be used to determine the

orientation of the rotational and magneti axis (see e.g. Everett and Weisberg

2001).

Moreover, from the delay in longitude between the PA swing and the total

power peak due to retardation and aberration e�ets (Blaskiewiz et al., 1991;

Hibshman and Arons, 2001; Gupta and Gangadhara, 2003), it is possible to

infer the emission altitude (von Hoensbroeh and Xilouris, 1997; Johnston and

Weisberg, 2006).

However, it was immediately lear that this simple and elegant model ould

not be applied to every pulsar. In partiular, old pulsars and milliseond

pulsars often display ompliated PA pro�les that are inonsistent with the

RVM preditions, see e.g. Johnston and Weisberg (2006); Johnston et al.

(2008); Xilouris et al. (1998); Stairs et al. (1999); Yan et al. (2011). A vast

number of pulse pro�les show abrupt jumps in the polarization angle that

break the S-shape sweep (Clark and Smith, 1969; Ekers and Mo�et, 1969).

The amplitude of these disontinuities is usually 90° (Baker et al., 1976).

This phenomenon arises beause the polarized radiation of a pulsar may our

in one of two orthogonal states (Manhester et al., 1975) alled orthogonally

polarized modes (OPM). The PA of an integrated pulsar pro�le that shows

one or more orthogonal jumps mirrors a swith in the dominane

1

of one OPM

over the other (Stinebring et al., 1984). Also several ases of non-orthogonal

jumps in the PA have been reported (Karastergiou et al., 2005; Karastergiou,

2009).

Sine the OPMs were disovered, a wide debate arose in the literature about

how they are omposed.

First of all, their omposition an be oherent (Gangadhara, 1997) or

inoherent (MKinnon, 2006). A oherent addition between two waves means

that there exists a ertain relationship between the wave phases: if we an

measure individually the two signals (and not only their sum), we thus expet

that the mean value of the ross-multiplied voltages is non-zero. On the other

hand, an inoherent addition between two waves implies that there is no link

1

The meaning of mode dominane depends on the appliable polarization regime.
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between their phases. As a physial example, if the individual soures behave

olletively we expet oherent emission. On the other hand, if the individual

soures are independent we expet inoherent emission. Usually, inoherent

modes are onsidered beause this is the simplest assumption until evidene

to the ontrary arises.

Seondly, at a given phase longitude the modes an our at the same time

or mutually exluding eah other. In the �rst ase, the modes were de�ned

superposed (Karastergiou et al., 2005), in the seond they were de�ned disjoint

(Cordes et al., 1978). As it seems that the �rst regime is the favorite state for

the pulsar majority, sare evidene in support of mode disjointness have been

given so far.

Cordes et al. (1978) �rst laimed the existene of mode disjointness, studying

single pulse observations at 430 MHz of PSR B2020+28 obtained with the

Areibo Observatory. They �rst showed that a high degree of orrelation

between the handedness of V and the individual ourrene of one or the other

of the OPMs an be omputed from the data (asserting a lear link between

V and the OPMs). They then found that both the average frational linear

polarization ([|〈L1〉|−|〈L2〉|]/〈I1+I2〉) and its seond moment (〈|L2|〉/〈I〉) are
large, and interpreted these observations as evidene for mode disjointness in

PSR 2020+28. Stinebring et al. (1984), however, argued the rarity of mode

disjointness and favored a mode superposition regime. They arried on a single

pulse study on 11 pulsars (inluding PSR B2020+28) at 1404 MHz with the

Areibo Observatory, and they dedued that if the modes are 100% linearly

polarized and disjoint, then a similar perentage of linear polarization should

be observed pulse per pulse at any phase longitude: this was found to be

very rare. On the other hand, if the modes are superposed, a low degree of

linear polarization should be omputed pulse per pulse in those longitudes at

whih both the OPMs an be seen over a large number of pulsar rotations,

as observed. In pratie, sine the Stinebring et al. (1984) analysis almost no

additional evidene of mode disjointness has been published. On the other

hand, mode superposition was supported by numerous studies. For example,

Johnston et al. (2001) disovered a rare, transient and bright omponent in

the leading edge of the Vela pulsar pro�le, using single pulse observations at

660 and 1413 MHz obtained with the Parkes radio telesope. The omponent

is orthogonally polarized with respet to the persistent radio emission at the
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longitude range where it ours. When present, it indues an orthogonal jump

in the PA and a derease of the linearly polarized emission. Furthermore,

Johnston (2004) found that, in the trailing edge of PSR B1641-45, observed

at 1413 MHz with the Parkes radio telesope, single pulses were depolarized

where orthogonally polarized modes our. In a reent single pulse study

of PSR J0738-4042, observed at 1404 MHz at Parkes, Karastergiou et al.

(2011) identi�ed a transient omponent in this pulsar pro�le, haraterized

by an orthogonal polarization state: this result is similar to the disovery of

Johnston et al. (2001). These studies all support mode superposition as de�ned

by Cordes et al. (1978).

From a more theoretial point of view, omparing with data from the literature,

MKinnon (1997) indiated mode superposition as the prinipal ause of

depolarization at high observing frequenies, based on the assumption of a

birefringent pulsar magnetosphere. MKinnon and Stinebring (1998) proposed

a statistial model to desribe pulsar polarization in presene of superposed

OPMs, representing them as random variables and assuming fully linearly

polarized modes. They omputed the expeted probability distributions for

total intensity, linear polarization and PA, and they ompared them with

the B2020+28 observations olleted by Stinebring et al. (1984), �nding

that the observed PA distribution is wider than the theoretial one. This

was later explained by MKinnon (2004) with the ourrene of randomly

polarized radiation. Always assuming mode superposition, MKinnon and

Stinebring (2000) elaborated a method to separate the two mode pro�les,

while MKinnon (2002) explained the broadening in the longitude resolved

distribution of frational irular polarization derived from single pulses.

MKinnon (2003) obtained the joint probability distribution of the polarization

vetor's amplitude, longitude and olatitude in the Poinaré sphere for several

polarization states, OPM inluded. The latter work was generalized by

MKinnon (2006) and MKinnon (2009). In these three papers, OPMs

were onsidered superposed, and their �ux densities were represented as

Gaussian random variables with additional instrumental noise. The obtained

distributions yield extremely realisti results, e.g. the model presented by

MKinnon (2009) an desribe ompliated trends of the polarization vetor

in the Poinaré sphere, suh as bowties and bars. The expeted distribution

of the polarization vetor's olatitude, agrees extraordinarily well with the
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Stinebring et al. (1984) data of PSR B2020+28.

Most of the onsiderations above rely on the assumption that the identi�ation

of the OPM ombination regime is somewhat independent from instrumental

e�ets. However, there exists observational evidene that how we distinguish

between disjoint and superposed OPMs depend on the temporal resolution of

the instrument (Gangadhara et al., 1999). In Setions 2.5 and 2.6 we explore

this aspet and its potential onsequenes. As an introdution to this topi, in

Setions 2.3 and 2.4 we present one of the typial methodologies to derive the

Stokes parameters and polarization perentages, espeially in presene of low

signal-to-noise ratio (S/N) pulsars, and a some of studies that it is possible to

perform with its outomes.

2.3 A standard polarimetry method for low S/N pulsars

We present a method, based on Noutsos et al. (2008), to obtain an optimal

evaluation of the Rotation Measure (RM) and polarization degree while

dealing with low S/N pulsars, and in general with data-sets made of folded

observations.

Let us assume that, for a given pulsar, we an ollet numerous, folding-

mode observations that retain their maximum resolution in frequeny, time

and phase, and were built on a good timing solution for the pulsar. We also

assume that radio frequeny interferene (RFI) was arefully exised and that

thorough polarization and �ux alibrations were applied.

The �rst step of the analysis is to ollapse eah observation in time. The

pulsars of this sample are generally weak, and we notie a high variation of

the deteted S/N with the observations. For these reasons, we onlude that

it is optimal to sum the observations weighting them aording to their own

S/N, with the aim to obtain an integrated pro�le:

w =
S/N(I )

rms(I )
(2.16)

where w is the weight we applied and S/N(I) and rms(I ) are, respetively, the

S/N and the o�-pulse root-mean-square (rms) of the pulsar pro�le in Stokes

I.

This results in a higher S/N for the �nal, integrated pro�le with respet to

adding pro�les based solely on the integration time. We ollapse this average
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pro�le in time: it thus still retains the full frequeny information.

We now ompute the RM when possible. We ollapse the frequeny hannels

to four, in order to enhane the S/N, and we ompute an average PA aross

the bins of the pulse for eah hannel as in Noutsos et al. (2008):

PAave =
1

2
arctan

(

∑nend

i=nstart
Ui

∑nend

i=nstart
Qi

)

(2.17)

where Qi and Ui are the Stokes parameters that quantify linear polarization

for the i-th phase bin, and nstart and nend are the phase bins of the pulse edges.

In order to alulate the PA error bars we �rst measure the linear polarization

as:

Lmeas =

√

√

√

√

(

nend
∑

i=nstart

Ui

)2

+

(

nend
∑

i=nstart

Qi

)2

(2.18)

Sine it is a positive de�nite quantity, the average value Lmeas is biased.

We follow the method of Wardle and Kronberg (1974) to obtain a better

determination of the value of the linear polarization Ltrue:

Ltrue =

{

0.0 if p0 < 2.0
√

L2
meas − (rms(I)

√
non)2 otherwise

(2.19)

where p0 = Lmeas/rms(I )
√
non, with non being the on-pulse number of phase

bins.

Simmons and Stewart (1985) showed that this is the best method to be applied

whenever p0 is greater than 0.7 (see also Noutsos et al. 2008). This is often

the ase for low S/N pulsars.

As for the estimates of the unertainties on PAave, σPAave
, for high values

(P0 > 10) of P0 = Ltrue/rms(I)
√
non, we use the formula from Everett and

Weisberg (2001):

σPAave
=

1

2P0

(2.20)

For lower values of P0, we numerially ompute the error by integrating the

PA probability distribution between ±σPAave
in order to obtain 0.68, as in

Naghizadeh-Khouei and Clarke (1993) and Everett and Weisberg (2001):

G(PA− PAtrue;P0 ) =
1√
π

{

1√
π
+ η0e

η20 [1 + erf(η0)]

}

× e−(P2
0/2)

(2.21)
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where PAtrue = PAave in our ase, η0 = (P0

√
2) cos 2(PA− PAtrue), erf is the

Gaussian error funtion. We obtain the RM and its error by implementing a

least squares �t through the following equation:

PA(f ) = PAref + RMc2 ×
(

1

f 2
− 1

f 2ref

)

(2.22)

where PA(f ) is the PA at a ertain frequeny f , PAref is the PA at a

referene frequeny fref and c is the speed of light. If the pulsar pro�le has

two reognizable omponents in the linearly polarized pro�le, we �t for the

RM separately for eah omponent and we ompare the obtained results a

posteriori.

One the RM is omputed, we an orret the observations for it and sum over

the frequeny hannels to produe a �nal integrated pro�le.

A further useful quantity when onsidering pulsar polarization is the total

amount of irular polarization irrespetive of the handedness. The measured

quantity |V |meas is biased beause it is positive de�nite. We follow Karastergiou

and Johnston (2006) to obtain an unbiased value via:

|V |true =
{

0.0 if |V |meas/b < 2.0
√

|V |2meas − b2 otherwise

(2.23)

where:

b =

√

2

π
× rms(V ). (2.24)

Here, rms(V ) is the o�-pulse rms of the V pro�le.

In order to quantify the luminosity and the perentage of polarization of the

analyzed pulsar, we ompute the quantities S0 , L%, V% and |V |% as:

S0 =
1

nbins

nend
∑

i=nstart

Ii

L% =
1

nbins

nend
∑

i=nstart

Ltrue,i ×
100

S0

V% =
1

nbins

nend
∑

i=nstart

Vi ×
100

S0

|V |% =
1

nbins

nend
∑

i=nstart

|V |true,i ×
100

S0

(2.25)
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where nbins is the total number of phase bins that are present in the

observations, Li,true, Vi and |V |i,true are the (unbiased, in the ases of Li,true

and |V |i ,true) values of linear, irular and absolute irular polarization in the

i-th phase bin. These de�nitions are onsistent with those adopted by Gould

and Lyne (1998).

2.4 A ase of study: appliation to 49 pulsars from the

HTRU survey

The southern omponent of the High Time Resolution Universe survey for

pulsars and fast transients (HTRU, Keith et al. 2010) was arried out at the

64-metre Parkes radio telesope. It is divided into three parts with di�erent

integration times depending on the Galati latitude: low, medium and high.

To date, it has led to the disovery of more than one hundred pulsars. Among

them there is a remarkable sample of milliseond pulsars (Bates et al., 2011;

Keith et al., 2012; Burgay et al., 2013; Levin et al., 2013; Ng et al., 2014).

However, the majority of them are normal pulsars (Bates et al. 2012, Ng

et al. in preparation). Following the presentation of the milliseond pulsar

polarimetry (Keith et al., 2012; Burgay et al., 2013), in this Setion we present

a systemati polarization analysis of 48 long-period pulsars disovered in the

medium latitude part of the survey, and one disovered in the high latitude

part.

2.4.1 Observations and Analysis

The examined sample of 49 long-period pulsars shows spin periods range from

a few hundred milliseonds to about two and a half seonds. They were all

disovered during the mid-latitude part of the HTRU survey (Keith et al., 2010;

Bates et al., 2012) apart from PSR J1846�4249 that has been disovered in the

high latitude survey. PSR J1237�6725 and PSR J1539�4835 were originally

thought to be new disoveries of the mid-latitude part of the HTRU survey

but were �rst published by Kramer et al. (2003) and Eatough et al. before

2010.

After disovery and on�rmation, the pulsars were followed-up with with

the third Parkes Digital Filterbank, observing them for at least one year to

allow the determination of a omplete timing solution. The typial length of

the timing observations ranges from ∼100 to ∼600 seonds. The data were
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aquired over a 256 MHz bandwidth entered at 1369 MHz, split into 1024

frequeny hannels, eah 0.25 MHz wide. The olleted samples were folded

on-line forming pulse pro�les with 1024 bins for all four Stokes parameters in

eah frequeny hannel. To alibrate the target pointings for the di�erential

gain and phase between the linear feeds, we made observations of noise diode

oupled to the reeptors in the feeds.

We redue the data using the PSRCHIVE software pakage (Hotan et al.,

2004b). For eah individual observation, we �rst exise the RFIs from the data.

The observations are polarization-alibrated using a square wave signal in

order to produe true Stokes parameters, and �ux-alibrated using an averaged

observation of Hydra A. In addition, orretions are made to the polarization

impurity of the feed following the method in van Straten (2004). Finally, the

observations are aligned using the best-�t ephemeris.

RM (when possible) and polarization parameters are obtained following the

proedure explained in Setion 2.3. A ombination of low signal-to-noise

and/or low polarization fration meant that we are unable to ompute the

RM for a number of pulsars in our sample. In these ases, we simply set the

RM to zero before summing over frequeny.

Referring to Equation 2.19, we note that: 1) for a handful of pulsars in our

sample we aept a lower threshold for p0, either in agreement with Everett

and Weisberg (2001) or by visually inspeting that the PAs in the frequeny

hannels where p0 resulted less than 2 follow the trend predited by Equation

2.22; 2) in all the pulsars of our sample p0 > 0.7.

2.4.2 Polarimetri Results

The main results are given in Tables 2.1 and 2.2 along with the full Stokes

pro�les of the pulsars in Appendix 4.5.3. Table 2.1 inludes information for

pulsars for whih we are able to determine the RM and Table 2.2 ontains the

sample for whih RMs are not onstrained. We an notie from Table 2.1 and

Table 2.2 that only ∼ 9% of the pulsars with a omputable RM shows a DM

value higher than 200 p m

−3
. On the other hand, ∼33% of the pulsars for

whih we are not able to ompute a RM exhibits DM > 200 p m−3
. This is

not totally unexpeted: in fat, large values of DM an be assoiated with high

values of RM, provided that a uniform �eld is present along the line of sight.

Collapsing the total bandwidth in 4 sub-bands, as we do to ompute the RM,
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depolarizes the signal if the RM is large enough (note that the low S/N of the

pulsars in our sample fores us to not inrease the number of sub-bands). For

the high-DM pulsars, we attempt a di�erent method to ompute RM whih

involved a searh in the RM spae of values to maximize the linearly polarized

�ux. Unfortunately, the low S/N of the pulsars implies that we are unable to

determine a reliable RM in any of the ases.

Below, we brie�y give a qualitative desription of the pro�les in total power,

linear and irular polarization and the PA urves of the analyses pulsars,

exept for PSRs J0919�6040, J1054�5946, J1143�5536, J1539�4835, J1625�

4913, J1634�5640, J1647�3607 and J1700�4422, for whih we are not able to

obtain a RM value, and that show very low linear and irular polarization

and no interesting features.

PSR J0807�5421 : The pro�le is relatively narrow, but the total intensity

shows two lear, though blended omponents, with the trailing being the

brightest. In ontrast, the linear polarization peaks in the enter of the pro�le

and is signi�antly narrower than the total intensity. The irular polarization

displays a sign hange towards the trailing omponent. The PA urve does not

exhibit the swing expeted from the RVM, but rather a sort of an arh.

PSR J0905�6019 : The pro�le is relatively narrow and it shows an asymmetri

single peak. Although the linear polarization is low, we are able to derive a

RM. The irular polarization is faint and left-handed.

PSR J0912�3851 : The pro�le shows two distint, narrow omponents, with the

leading omponent being brighter than the trailing one. The linear polarization

also shows two peaks, narrower than in total intensity. The irularly polarized

signal displays a sign hange in the enter of the pro�le. We ompute a

RM value for eah of the linear polarization peaks and we �nd them to be

ompatible with only overlapping the extremes of the respetive 1 σ error bar.

PSR J0949�6902 : This bright integrated pro�le shows two almost ompletely

blended, relatively narrow omponents. The linear polarization is faint, and

the irular polarization exhibits a hange of sign in the pro�le enter.
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PSR J1036�6559 : The total intensity, the linear and the irular pro�les all

show a single omponent. The PA urve appears to inrease with the phase

longitude, and to derease at its very end.

PSR J1105�4353 : The total intensity is noisy and single-peaked. The linear

polarization is noisy as well, and the irular polarization is basially absent.

The PA urve has no real pattern.

PSR J1237�6725 : The pro�le shows two blended omponents, with the leading

omponent being the brightest. There is a faint signature of the presene of

linear polarization. Note that the observations were folded with a period that

is half the real one, whih was disovered at a later time. This an have a�eted

the quality of the observations.

PSR J1251�7407 : The total intensity pro�le is narrow and asymmetri, made

of at least three blended omponents. Linear and irular polarization appear

to be signi�ant under the trailing omponent. The PA pro�le presents three

hanges of slope in the �rst half of the pulse pro�le. After that, it follows a

smooth swing with a positive slope that overs about 50° before hanging the

sense of the slope at its very end.

PSR J1331�5245 : This noisy pro�le shows at least two blended omponents,

where the leading is the brightest. The linear and irular polarization pro�les

follow the total intensity to a large extent. However, the linear polarization is

larger under the leading omponent whereas the irular polarization is more

signi�ant under the trailing omponents. The PA pro�le is �at along the

leading omponent, and it shows a steep swing with a negative slope aross the

trailing one overing about 100°. An almost orthogonal jump ours between

these two parts of the PA pro�le.

PSR J1346�4918 : The pro�le shows a single, asymmetri omponent. The

irular polarization exhibits a sign hange against the maximum of the total

intensity pro�le. The PA pro�le presents a very smooth derease in the �rst

half of the pulse pro�le.
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PSR J1409�6953 : This noisy total intensity pro�le is box-shaped. It is perhaps

a blended double, although this ould be an e�et of the ourrene of more

than two omponents. The linear polarization is as well noisy and the PA

values have no real pattern. The irularly polarized pro�le exhibits a right-

handed maximum against the pro�le trailing omponent.

PSR J1416�5033 : This noisy pro�le shows at least two omponents, whereof

the leading one is the brightest. The linear polarization pro�le is noisy, and

there is no hint of irularly polarized signal.

PSR J1432�5032 : The total intensity pro�le is box-shaped. The linear

polarization is noisy but signi�ant, and the left-handed irularly polarized

pro�le is mainly present lose to the leading edge of the total intensity urve.

The PAs exhibit a smooth swing aross the pro�le overing about 70°. Note

that the observations were folded with a period that is half of the real

one, disovered at a later time. This an have a�eted the quality of the

observations.

PSR J1443�5122 : This noisy and relatively broad pro�le is asymmetri and

shows a single omponent. The linearly polarized pro�le is signi�ant when

lose to the leading edge, and another peak ours at the enter of the pro�le.

There is almost no irular polarization. The PAs exhibit a smooth swing with

a positive slope, overing about 120°.

PSR J1517�4636 : The pro�le displays a narrow, single omponent. The linear

polarization largely follows the total intensity but it is narrower. The PA urve

exhibits a hange of slope lose to the leading edge of the pulse pro�le, followed

by a steep swing with a positive slope, that extends over ∼50°.

PSR J1530�6336 : The total power pro�le shows two prinipal omponents,

with the leading being the brightest. The irular polarization follows the

total power, but it is narrower. On the ontrary, the linear polarization is

haraterised by at least three omponents. The �rst two of them are almost

blended and our before the trailing peak of the total intensity pro�le. The

PAs show two swings with similar slopes under the two leading omponents of
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the linear polarization. They are separated by an OPM jump. The third part

of the PA pro�le is a swing with a �atter slope.

PSR J1534�4428 : The total intensity pro�le extends over more than 40° and

onsists of a bright leading omponent followed by a �at struture. There

is a signi�ant degree of linear polarization whih largely traks the total

intensity pro�le. If we interpret this struture as a zone of partially overlapping

omponents, the depolarization an be explained thanks to the fat that the

linearly polarized pro�le is narrower than the total power one. The PA urve

is largely �at but rises steeply in the middle of the pro�le before �attening o�

again.

PSR J1551�4424 : This pro�le is a�eted by interstellar sattering, and it

shows a typial steep rising edge to a peak followed by a more gradual deay.

The small linear polarization fration is onentrated towards the leading edge

of the pro�le. The PA swing is remarkably �at, an e�et that is indued by

the sattering (Li and Han (2003)).

PSR J1552�6213 : The total intensity pro�le is single-peaked and slightly

asymmetri, with the trailing edge being steeper than the leading. The irular

polarization is barely visible and slightly right-handed in the seond part of

the pro�le. The linear polarization shows two omponents, with the brightest

roughly orresponding to the maximum of the total power. The �rst part of

the PA pro�le is followed by a non-orthogonal jump. The seond part shows

a generally rising trend.

PSR J1607�6449 : The pro�le is made of at least two almost ompletely

blended omponents. The linear polarization is noisy. There is a signi�ant

ourrene of the right-handed, irularly polarized signal, that is mostly

present in the �rst half of the pulse pro�le.

PSR J1612�5805 : The total intensity pro�le shows three features: a narrow,

slightly asymmetri leading omponent and blended, fainter entral and

trailing omponents. The linearly polarized pro�le is mainly present beneath

the leading omponent, and its peak almost oinides with the maximum of
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the total power. The irular polarization shows a hange of sign between the

leading and the entral omponent. The PA urve starts �at and exhibits a

very steep swing with negative slope aross almost the entire leading peak,

followed by a slightly inreasing urve toward the enter of the pulse pro�le.

The two parts of the PA pro�le are separated by a jump of ∼110°.

PSR J1614�3846 : The total intensity pro�le is noisy, box-shaped and

symmetrial, and these attributes are largely mirrored by the linear

polarization. The irular polarization is almost absent. The PA urve exhibits

a smooth swing, with a positive slope that overs about 50°.

PSR J1622�3751 : The pro�le is a blended double with the trailing omponent

being the brightest. The linear polarization, in ontrast, is more signi�ant in

the leading omponent. The irular polarization hanges sign in the enter of

the pro�le. Unusually amongst this sample, the PA pro�le shows the lassi

RVM signature: a �at beginning followed by a wide swing beneath the linearly

polarized leading and trailing peaks, and �atter again at the end of the pro�le.

The swing enter oinides with the minimum in the total intensity. It overs

about 120°. Despite of the fat that the pulse pro�le is narrow, the steep swing

of PA lends itself to the RVM �tting. We �nd that, although the angle between

the spin and magneti axis is unonstrained, the impat angle must be less then

4°. Interestingly also, the in�exion point of the RVM (the magneti pole) aligns

with the midpoint of the pro�le to within 0.5°. The lak of signi�ant o�set

implies a low emission height of less than 100 km. Suh a low emission height

favors a non-orthogonal rotator with preferred values of α . 40°.

PSR J1626�6621 : The pro�le shows two distint, relatively narrow

omponents, with the leading omponent being signi�antly brighter. The

linear and the irular polarizations our in orrespondene of the pro�le's

leading omponent. The PA pro�le exhibits a steep swing aross this peak,

whih overs about 50°.

PSR J1627�5936 : This broad pro�le extends over more than 100° of longitude.

It shows an asymmetri, relatively narrow leading omponent followed by a

entral struture and a broader and fainter trailing omponent that is probably
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a blended double. The linear and irular polarization pro�les roughly follow

the total power. However, while all three approximately peak at the same

longitude in the leading omponent, in the trailing one the maxima of linear

and irular polarizations are shifted. In the entral struture, both irular

and linear depolarizations our. A hange of handedness is displayed by the

irular polarization between the two main omponents. The PAs are mainly

�at beneath the leading omponent, and show a swinging behavior ompatible

with the RVM preditions in orrespondene of the trailing omponent.

PSR J1629�3636 : The total power shows two peaks, with the asymmetri

trailing being the brightest and narrowest. The linearly polarized pro�le

mirrors the total intensity but it is narrower, while the irular polarization is

visible just in orrespondene of the trailing omponent and it is left-handed.

The PA pro�le is �at for both of the linearly polarized omponents.

PSR J1648�6044 : The pro�le has a single, asymmetri peak. However, the

linear polarization displays two lear omponents. The PA urve starts with a

smooth swing that overs about 50°, and ontinues with an almost orthogonal

jump between the two omponents of the linearly polarized pro�le. The last

part of the PAs value is pratially �at.

PSR J1705�4331 : The pro�le shows a lassi double struture with the trailing

omponent slightly brighter than the leading omponent. There is some

irular polarization in the leading omponent.

PSR J1705�5230 : The pro�le is relatively broad and box-shaped, possibly

a blend of several omponents. The linear polarization shows a �rst, weak

peak followed by a brighter one lose to the total power trailing edge. In

orrespondene of the main, linearly polarized omponent, the PAs exhibit a

pratially �at trend.

PSR J1705�6135 : The pro�le is noisy, broad and box-shaped, and it is

possibly a blended double. The fration of linear polarization is relatively high,

partiularly against the leading part of the pro�le. The PA urve exhibits a

smooth swing aross the pro�le, with a positive slope that overs ∼130°.
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PSR J1709�4401 : The pro�le of this intermittent pulsar shows a single,

relatively narrow and pretty symmetrial peak. The linear polarization has a

main omponent lose to the total intensity trailing edge, and it shows a hint

of a minor peak on the leading side. The �ux density is about one third of the

total power one, and their maxima are misaligned. The irular polarization is

sare and noisy. Beneath the weak leading omponent in the linearly polarized

pro�le, the PA urve starts �at and follows a steep trend with a positive slope.

The PA pro�le under the main linear polarization peak is separated from the

leading one by an almost orthogonal jump. It has a �at start too, followed by

two swings with positive and negative slopes, respetively.

PSR J1710�2616 : This broad pro�le shows emission over nearly 180° of

longitude. A broad leading omponent is followed by a bridge of emission

linking it to a blended double. The linear polarization mostly follows the total

intensity but the irular polarization remains low throughout. Although the

low linear polarization in the pro�le enter, the harateristi S-shape from the

RVM is reognizable. In fat, the large longitude overage of the pulse pro�le

and the smooth PA swing lends itself well to RVM �tting. Results show that α

must be less than 30°, with an impat parameter of ∼20° or less. The loation
of the in�exion point of the RVM is oinident with the pro�le enter. The

pulsar therefore appears to be an almost aligned rotator.

PSR J1716�4711 : The pro�le shows a single, relatively narrow omponent

possibly �anked by two outriders. The irular polarization displays a lear

hange of sign in orrespondene of the pro�le enter.

PSR J1733�5515 : The pro�le shows two blended omponents of almost equal

amplitude. Very small linear or irular polarization an be diserned.

PSR J1744�5337 : The pro�le is a�eted by the interstellar sattering. It

shows a broad and asymmetri leading omponent blended with a seond one.

The linear polarization pro�le is signi�ant espeially in the seond half of the

pulse pro�le. The PA urve is �at.
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PSR J1745�3812 : The pro�le shows a single and slightly asymmetri

omponent with low irular polarization. In spite of a moderate degree of

linear polarization, we are not able to obtain a RM value for this pulsar.

PSR J1749�4931 : This single-peaked pro�le shows no lear signs of irular

polarization, while the linear polarization is present but weak.

PSR J1802�3346 : This noisy and box-shaped pro�le shows at least two

blended omponents. The linear polarization pro�le follows the total intensity

but it is narrower, and the PA urve displays a swing with negative slope that

overs ∼90°.

PSR J1805�2948 : This noisy pro�le shows a single, relatively broad and

asymmetri omponent. There appears to be a linearly polarized omponent

on the leading edge of the pro�le with a �at PA swing.

PSR J1811�4930 : The pro�le of this intermittent pulsar is a blended double

with the trailing omponent brighter. The linear polarization follows the total

power, though it is narrower. On the other hand, the irular polarization

peaks where L is fainter. The PA pro�le shows a steep swing with negative

slope in orrespondene of the leading omponent that overs about 130°, while

it is �at beneath the trailing.

PSR J1846�4249 : This pro�le shows two blended peaks. The linear and

irular polarizations, however, exhibit a single, box-shaped omponent at the

enter of the pulse pro�le. The PA urve shows a steep swing spanning 80°.

2.4.3 Disussion

In our sample, the perentage of the linear polarization, L%, ranges from a few

perent to almost 40%. However, only two of the soures (PSR J1614�3846

and PSR J1705�6135) approah the aforementioned upper limit: the mean of

L% is ∼16.
The dependene of L% on the pulsar spin-down luminosity:
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Name P W10 W50 Log Ė S0 L% V% |V |% RM DM Distane < B|| > Log τC

[s℄ [ms℄ [ms℄ [mJy℄ [rad m

−2

℄ [p m

−3

℄ [kp℄ [µG℄

J0807−5421 0.527 17 11 32.0 0.35(1) 14.5(7) 3(1) 5.8(6) −65(3) 165 0.26 −0.48 7.3

J0905−6019 0.341 14 6 32.7 0.36(1) 5.8(7) 1(1) 1.3(7) −63(23) 91 2.9 −0.85 7.0

J0912−3851 1.526 48 38 31.6 0.14(1) 24(1) −1(1) 10(1) 85(16) 71 0.5 1.47 6.8

J0949−6902 0.64 10 4 32.0 0.31(1) 6.5(8) 2(1) 3.6(7) −58(14) 93 2.9 −0.77 7.2

J1036−6559 0.534 16 9 32.5 0.27(1) 12(1) 3(1) 5.2(9) −88(20) 158 4.0 −0.69 6.8

J1237−6725 2.111 40 30 31.0 0.48(2) 4.8(9) 0(1) 1.6(8) 24(14) 176 3.9 0.17 7.2

J1251−7407 0.327 14 3 32.6 0.24(1) 23(1) 6(2) 6(1) −121(9) 89 2.4 −1.66 7.2

J1331−5245 0.648 43 27 31.9 0.32(2) 30(1) 16(1) 17(1) 83(5) 148 4.2 0.69 7.3

J1409−6953 0.529 31 24 32.4 0.26(2) 16(1) −3(2) 8(1) −51(10) 168 4.5 −0.37 7.0

J1432−5032 2.035 52 33 31.4 0.29(2) 18(1) 4(1) 4(1) 11(3) 113 2.8 0.13 6.7

J1443−5122 0.732 117 47 31.5 0.68(3) 22(1) 1(1) 2.6(9) 43(6) 87 1.9 0.61 7.5

J1517−4636 0.887 27 16 32.1 0.37(1) 19.6(9) 5(1) 5.0(8) −68(7) 126 3.1 −0.66 6.8

J1530−6336 0.91 11 32 31.6 0.43(1) 23.2(8) 17(1) 17.2(7) 195(7) 206 5.0 1.16 7.2

J1534−4428 1.221 178 14 30.6 0.55(3) 28(1) −2(1) 3(1) 24(6) 137 3.9 0.22 8.0

J1551−4424 0.674 129 27 31.4 1.14(3) 17.1(6) 2(1) 3.2(6) −32(5) 66 2.4 −0.6 7.8

J1552−6213 0.199 7 3 32.1 0.34(2) 24(1) 0(1) 1(1) 42(14) 122 2.66 0.43 8.1

J1612−5805 0.616 22 4 32.2 0.31(2) 16(1) 3(1) 9(1) −21(12) 172 3.6 −0.15 7.0

J1614−3846 0.464 45 17 32.6 0.18(2) 31(2) 3(3) 3(2) 45(9) 111 2.7 0.51 6.9

J1622−3751 0.731 48 24 32.4 0.20(1) 30(1) 7(2) 9(1) 85(7) 154 3.9 0.69 6.7

J1626−6621 0.451 39 3 32.5 0.19(2) 20(1) 12(3) 14(1) 39(12) 84 2.2 0.58 7.0

J1627−5936 0.354 159 85 30.8 1.62(4) 22.2(6) 1.3(9) 7.0(6) 89(5) 99 2.2 1.11 8.9

Table 2.1: Pulsars for whih RM an be determined. We show the spin period (P ), the pro�le widths at 10% (W10) and 50% (W50) of

the total intensity peak, the logarithm of the spin down luminosity (LogĖ), the total intensity �ux (S0), the perentages of the linear, the

irular and the absolute value of the irular polarizations (L%, V%, |V |%), the rotation and the dispersion measures (RM and DM), the

DM derived distane from the Sun (via the NE2001 eletron density model from Cordes and Lazio, 2002, that gives unertainties up to

about 30%), the average value of the average magneti �eld along the line of sight (< B|| >) and the logarithm of the harateristi age

(Log τC). 1 σ errors on the last digit(s) are reported in parentheses. 3 σ errors are reported for S0.
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Name P W10 W50 Log Ė S0 L% V% |V |% RM DM Distane < B|| > Log τC

[s℄ [ms℄ [ms℄ [mJy℄ [rad m

−2

℄ [p m

−3

℄ [kp℄ [µG℄

J1629−3636 2.988 41 12 31.0 0.20(2) 29(1) 2(2) 2(1) 0(4) 101 2.4 −0.001 6.8

J1648−6044 0.584 31 12 31.9 0.66(2) 19.7(7) 0(1) 0.3(6) 59(3) 106 2.6 0.69 7.3

J1705−5230 0.231 14 21 32.2 0.60(2) 15.6(9) 1(1) 3(1) −20(11) 164 3.8 −0.15 7.9

J1705−6135 0.809 85 43 30.6 0.30(3) 34(1) 2(3) 5(1) 75(11) 95 2.5 0.98 8.4

J1709−4401 0.865 12 24 32.7 1.15(3) 21.5(5) 7.9(8) 7.9(5) −122(2) 225 4.4 −0.67 6.3

J1710−2616 0.954 393 99 30.0 1.40(5) 32.5(8) 2(1) 4.4(7) −9(3) 111 2.6 −0.1 8.9

J1744−5337 0.356 49 18 32.2 0.39(2) 25(1) 4(1) 6(1) 38(9) 109 3.0 0.43 7.5

J1749−4931 0.446 8 13 32.4 0.15(1) 11(2) 0(3) 0(2) 41(19) 55 1.4 0.93 7.1

J1802−3346 2.461 77 120 30.5 0.20(2) 28(2) 1(3) 1(2) 236(17) 217 5.4 1.35 7.5

J1805−2948 0.428 22 10 32.4 0.18(1) 16(1) 1(2) 1(1) 23(21) 167 3.77 0.17 7.2

J1811−4930 1.433 39 11 31.5 0.46(2) 23.2(8) −8(1) 11.0(8) 42(6) 44 1.2 1.19 7.0

J1846−4249 2.273 67 60 30.6 0.29(1) 13.6(9) 8(1) 8.0(8) 82(10) 62 1.8 1.63 7.5

Table 2.1: (ontinued)
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J0919−6040 1.217 52 26 29.3 0.23(1) 2(1) 7(1) 7(1) 82 9.3

J1054−5946 0.228 29 7 32.8 0.23(2) 5(2) 3(2) 5(1) 253 7.2

J1105−4353 0.351 22 12 33.4 0.17(2) 21(2) 4(3) 4(2) 46 6.3

J1143−5536 0.685 24 12 31.8 0.25(1) 0(1) 2(1) 2(1) 185 7.3

J1346−4918 0.3 18 10 31.7 0.70(2) 6.9(6) 3.9(9) 5.6(5) 74 8.1

J1416−5033 0.795 25 12 31.0 0.13(1) 14(2) 0(3) 3(2) 58 8.0

J1539−4835 1.273 91 18 31.4 0.21(2) 0(1) 2(3) 8(1) 118 7.2

J1607−6449 0.298 19 3 31.6 0.22(2) 10(1) −6(2) 12(1) 89 8.3

J1625−4913 0.356 23 9 33.8 0.22(2) 1(2) 2(3) 2(2) 720 5.9

J1634−5640 0.224 15 8 32.2 0.24(2) 2(1) 1(2) 3(1) 149 7.9

J1647−3607 0.212 15 5 32.7 0.17(2) 11(2) −2(4) 2(2) 222 7.4

J1700−4422 0.756 72 45 30.6 0.24(3) 7(2) 7(3) 13(2) 425 8.5

J1705−4331 0.223 23 6 32.4 0.43(2) 3(1) 3(1) 3(1) 185 7.7

J1716−4711 0.556 15 4 32.3 0.31(2) 5(1) 6(1) 19.3(9) 287 7.0

J1733−5515 1.011 69 45 31.3 0.38(3) 6(1) 0(2) 1(1) 84 7.5

J1745−3812 0.698 24 11 32.4 0.28(2) 11(1) 5(2) 5(1) 160 6.7

Table 2.2: Pulsars for whih no RM an be determined. Parameters and errors like in Table 2.1.
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Ė ≃ 3.95× 1031erg s−1

(

Ṗ

10−15

)

(

P

s

)−1

(2.26)

where Ṗ is the spin period derivative (Lorimer and Kramer, 2005), is reported

by von Hoensbroeh and Xilouris (1997), Crawford et al. (2001) and Johnston

and Weisberg (2006). These authors notied that higher values of Ė gave

higher values of L%. This trend was better modeled by Weltevrede and

Johnston (2008), who found that the orrelation between the two quantities

is not linear. They identi�ed two main regions, a low Ė (less than 5 ×
1033 erg s

−1
), low L% (less than 50%) area and a high Ė (more than

2×1035 erg s−1
), high L% (exeeding 50%) one, divided by a narrow transition

zone. As an be seen from Figure 2.6, the results derived from our low Ė sample

do not on�it with Weltevrede and Johnston (2008): all of the pulsars (exept

one) belong to the low Ė interval and show L% smaller than 40%. Moreover,

no lear orrelation of L% vs. Ė is present over the low Ė sample.

In Figure 2.7 we show the harateristi age, τC :

τC =
P

2Ṗ
s (2.27)

plotted versus L% and |V |% (that is the perentage of the absolute irular

polarization) and ompare our results with Gould and Lyne (1998). Sine τC of

the pulsars in our sample (exept PSR J1625�4913) exeeds 1 Myr, aording

to the results of Gould and Lyne (1998), values of L% around 20% are expeted.

Although a large degree of satter is present in the sample, the average values

of L% are in fat between 10% and 20%. Regarding the perentage of |V |, we
�nd a less pronouned degree of satter in the data, and generally lower values

of the average |V |% with respet to the results of Gould and Lyne (1998). We

expeted values around 8% for 106 Myr ≤ τC ≤ 107 Myr, and slightly higher

results for older ages. We instead �nd a generally �at trend when the values

of |V |% are averaged over the six bins in τC , into whih our sample has been

split. In partiular, the average |V |% is ∼6±3 for pulsars with τC ≥ 107 Myr

yrs, fully ompatible with the value of ∼6±5 for pulsars with τC ≤ 107 Myr

yrs.

For the majority of the pulsars in our sample, we an reognize the presene of

more than one omponent in the pro�les. This is not unexpeted sine pulsars

of an advaned age typially have more ompliated pro�les than younger
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Figure 2.6: Perentage of linear polarization against the spin-down luminosity Ė.

The blak points represent the individual pulsars of our sample with 1 σ error bars

(the arrows imply an upper limit), while the red line is the �t reported in Weltevrede

and Johnston (2008).
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Figure 2.7: Perentage of linear polarization against the harateristi age in the top

panel, and perentage of absolute irular polarization against the harateristi age

in the bottom panel. The blak points represent the individual pulsar of our sample

with 1 σ error bars (the arrows imply an upper limit), while the red points and the

vertial and horizontal bars represent the average over suitable groups of pulsars, the

satter and the range of age involved in the omputation of the mean, respetively.
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objets (Rankin, 1983; Lyne and Manhester, 1988; Rankin, 1993; Johnston

and Weisberg, 2006; Karastergiou and Johnston, 2007). Karastergiou and

Johnston (2007) attribute this evidene to the loation of the emitting regions

rossed by the line of sight, assuming that eah of them orresponds to one

omponent in the pro�le. In partiular, at a �xed observing frequeny, the

radio emission in young pulsars should be produed from a limited range of

altitudes above the neutron star surfae. This range widens and desends

to lower heights in the magnetosphere with inreasing age of the pulsar.

Aording to the model presented by Karastergiou and Johnston (2007), this

naturally inreases the number of emitting regions rossed by the observer line

of sight, and hene the number of omponents in the pro�le. A large fration of

the pro�les in our sample show a blended double, i.e. the superposition of two

main omponents that ranges from barely distinguishable (as in PSR J0807�

5421) to well (as in PSR J0912�3851) visible. There is also a tendeny for the

trailing omponent to be brighter than the leading one. Aording to literature

(i.e. Rankin 1983), a double omponent pro�le should indiate a mainly onal

emission. Emission strutures that are not well-de�ned are also observed, the

learest example of whih is for PSR J1534�4428. Emission bridges are also

exhibited among otherwise separated omponents, as in PSRs J1627�5936 and

J1710�2616. Given the relatively small S/N of the majority of the pulsars, it is

not easy to distinguish the ourrene of multiple omponents from the ase of

pure double pro�les. Nevertheless, some objets ertainly show at least three

omponents, e.g. PSRs J1251�7407, J1607�6449 and J1802�3346.

The linear polarization, when present, follows the total intensity in the

majority of the ases, although it often shows a general edge depolarization that

auses a narrowing in the polarization pro�le, as illustrated in PSRs J1517�

4636 and J1811�4930. The phenomenon of the linear depolarization is usually

explained via the superposition of two emission modes that are in ompetition

in pulsars (Stinebring et al., 1984).

The irular polarization pro�les are often barely visible, but show some ases

of hange in handedness between the omponents (as in PSRs J0807�5421,

J1612�5805, J1627�5936) or aross the pro�le (as in PSRs J1346�4918 and

J1716�4711).

As mentioned in Setion 2.3, in those pulsars (9 over the total sample of 34

objets for whih RM has been determined) that show more than one peak
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in the linear polarization pro�le, we separately �t for the RM omponent

by omponent. In the majority of the ases, we obtain fully ompatible

(at 1 σ) RM values. In PSRs J0912�3851 and J1629�3636 the agreement is

marginally aomplished only by the overlap of the extremes of the respetive

1 σ unertainties intervals. However, this is expeted on a statistial bases

given the available sample of 9 soures.

Pulsars RM and Galati Magneti Field

One of the uses of polarization analysis is in probing the magneti �eld

struture of the medium rossed by the radiation. A polarized signal

that propagates through an ionized and magnetized medium (see �3)

undergoes di�erential propagation veloity between its (right- and left-handed)

omponents. This e�et, known as Faraday rotation, that is a birefringene

phenomenon, indues a rotation in the PA. This is quanti�ed through the

RM, whih depends on the ionized medium density and the magneti �eld

omponent along the line of sight. For pulsars, the polarized signal passes

aross three di�erent kinds of ionized and magnetized medium: the pulsar

magnetosphere, the Milky Way interstellar medium and Earth ionosphere. In

pulsars, we an also quantify the average density of the ionized medium along

the line of sight via the dispersion measure (DM) parameter and a ombination

of the RM and DM allows a diret measurement of the magneti �eld along

the line of sight.

Several attempts have been made to apply pulsar polarization analysis to

probe the Galati magneti �eld struture (Manhester, 1972; Manhester

and Taylor, 1977; Thomson and Nelson, 1980; Lyne and Smith, 1989; Weisberg

et al., 2004). In partiular, the results obtained by Han and Qiao (1994);

Han et al. (1999); Han et al. (2002, 2006) and Noutsos et al. (2008) suggest

that the large sale in the magneti �eld struture of the Milky Way disk is

ompatible with a bi-symmetri spiral, where the magneti �eld in the spiral

arms is mainly ounter-lokwise if seen from the Galati north, and the �eld

in between the arms is hie�y lokwise (Sofue and Fujimoto, 1983). On the

other hand, the work of Vallée (2005) supports a general lokwise orientation

of the large sale Galati magneti �eld, with the presene of a ounter-

lokwise annulus inluded between 4 and 6 kp from the Galati Centre. It

is learly neessary to inrease the RM sample in order to disriminate among
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Figure 2.8: A sheme of the Milky Way seen from the North Galati Pole. In dark

grey are shown the galaxy arms as from Taylor and Cordes (1993). The symbol ⊙
indiates the Sun, the irles and the rosses indiate the pulsars of our sample with

positive and negative values of RM, respetively. The distanes of the pulsars have

been omputed using the NE2001 eletron model (Cordes and Lazio, 2002), prone

to errors on the alulated distane up to the 30%

the various hypotheses, and to guard against interstellar medium �utuations

and loal turbulene in the magneti �eld that ould bias the RM estimation.

An additional ompliation in this framework is RM �utuation as a funtion

of the pulse longitude. In partiular, three soures of additional PA rotation

beyond the large sale Galati magneti �eld have been identi�ed (Li and Han,

2003; Ramahandran et al., 2004; Karastergiou, 2009; Noutsos et al., 2009): the

inoherent superposition of quasi-orthogonal polarization modes, the pulsar

magnetosphere and sattering in the interstellar medium. In partiular the

latter is indiated as the most probable reason for the deteted �utuations.

We have olleted all the soures disovered so far by the HTRU southern

survey and having a measured value of RM. The list totals 51 pulsars, resulting

from the present work, as well as from Bailes et al. (2011); Keith et al. (2012)

and Burgay et al. (2013). These values an be used to obtain an estimate of

the average intensity and sign of the projetion of the Galati magneti �eld

vetor (< B|| >) along the 51 lines of sight to the pulsars. In fat, the RM is

de�ned as:

RM =
e3

2πme
2 c4

∫ d

0

ne(l)B||(l)dl (2.28)

where e is the eletron harge,me is the eletron mass, d is the distane between
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the emitting objet and the observer, ne is the eletron olumn density and B||

is the projetion of the magneti �eld vetor along the line of sight. Sine the

DM is de�ned as:

DM =

∫ d

0

ne(l)dl (2.29)

is it possible to obtain < B|| > as:

< B|| > = 1.232

∫ d

0
ne(l)B||(l)dl
∫ d

0
ne(l)dl

= 1.232

(

RM

m−2rad

)(

DM

cm−3pc

)−1

µG. (2.30)

The resulting values of < B|| > are reported in the seond last olumn of Table

2.1. For eah of the onsidered objets, we also derive a measurement of the

distane (see Table 2.1) using the DM value of eah objet and the NE2001

eletron density model (Cordes and Lazio, 2002). Assuming these distanes,

all the seleted pulsars are loated within 2 kp in height from the Galati

plane and thus the lines of sight to all of them are expeted to be useful to

investigate the behavior of the Galati magneti �eld in the proximity of the

Galati disk (Noutsos et al., 2008). In Figure 2.8 we report the positions -

projeted onto the Galati plane - of the objets of our sample.

Our sample does not support the hypothesis suggested by Vallée (2005) of

a prevailing ounter-lokwise diretion of the Galati magneti �eld in an

annulus inluded between 4 and 6 kp from the Galati enter and a prevailing

lokwise diretion outside the annulus. First, looking at Figure 2.8 it is

evident the ourrene of opposite signs for the values of RMs for many pairs

of pulsars whih are very lose to eah other. As already pointed out by

other authors (e.g. Noutsos et al. 2008), this is an indiation for variations of

intensity and diretion of the Galati magneti �eld also over small sales. To

be more quantitative, we also ompute (as �rst suggested by Lyne and Smith

1989), the average intensity of the magneti �eld in the intermediate region

between pairs of pulsars:

< B|| >d1−d2 = 1.232
∆RM

∆DM
µG (2.31)

where d1 and d2 are the distanes of the two soures from the Sun and ∆RM

and ∆DM are the di�erenes between the RM and the DM values of the two
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Figure 2.9: In the top panel are shown the RM values for the pulsars the projeted

positions of whih are in agreement with their belonging to the Carina-Sagittarius

arm, plotted in funtion of their DM. In the bottom panel are shown the RM values

for the same pulsars plotted in funtion of their Galati longitude. Empty irles

indiate pulsars with positive Galati latitude, whereas �lled irles are assoiated

with pulsar loated at negative Galati latitude. 1 σ error bars are overlapped to

the data points. Note that the error bar assoiated with some of the data points are

too small to be visible.

onsidered pulsars, respetively. In doing that, we follow the presription

of Noutsos et al. (2008), i.e. investigating pairs of pulsars the projeted

positions of whih are loser than 5° in Galati longitude. For the limited

range in distanes and Galati longitudes of our sample, a ounter-lokwise

diretion for the Galati magneti �eld would orrespond to a prevalene of

positive values of < B|| >d1−d2 for pairs loated in the �rst Galati quadrant

(Galati longitudes between 0° and 90°) and a prevalene of negative values

of < B|| >d1−d2 for pairs in the fourth Galati quadrant. At variane with

the expetations of the model of Vallée (2005), no trend is reognizable in

our sample. In partiular, within the annulus mentioned above, the values of

< B|| >d1−d2 for 6 pairs of pulsars are ompatible with a ounter-lokwise

diretion of the Galati magneti �eld, whereas a lokwise diretion is

preferred on the basis of 6 other pairs. Similarly, the results for 24 pairs

of pulsars would favor a lokwise diretion for the region outside the annulus,

whilst the onsideration of 26 other pairs would suggest the opposite diretion

2

.

2

The total number of pairs is larger than the number of pulsars of our sample sine few pulsars

of the sample enter more than one pair.
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We also perform a preliminary investigation of the ompatibility of our sample

with the model of Han et al. (2006), whih states the ourrene of a ounter-

lokwise diretion for the Galati magneti �eld along the arms and an

opposite diretion of that in the inter-arm regions. Given the distanes of

the pulsars in our sample (typially spanning the range 1 − 4 kp) and the

relatively small number of available objets, our investigation foused on the

ase of the losest arm, i.e. the Carina-Sagittarius arm (see Figure 2.8). We

then seleted those pulsars whose projeted position is ompatible with them

belonging to the area of the Carina-Sagittarius arm or lose (within 0.5 kp)

to that. That hoie left us with 13 objets, whose Galati longitudes span

the range between -82° and 23°. Adopting the same riteria as mentioned

above, 8 pairs of pulsars an be seleted in this region and the related values

of < B|| >d1−d2 measured. It results a prevalene of pairs (6 vs 2) indiating

a ounter-lokwise diretion of the Galati magneti �eld along the Carina-

Sagittarius arm, nominally in agreement with the model of Han et al. (2006).

Figure 2.4.3 indiates that some large sale ordered omponent of the Galati

magneti �eld an indeed be present in the Carina-Sagittarius arm, being

re�eted in the overall trend for the RM values, whih hange from positive

to negative values with inreasing values of DM. Unfortunately our sample

is not suitable to test the detailed dependene of RM vs DM inferred by

Han et al. (2006) for the objets belonging to the Carina arm and having

DM < 200 p m

−3, i.e. RM ∝ −0.6 DM, for the pulsars with Galati

longitudes between -76° and -68°. In fat Han et al. used only pulsars at

Galati latitude less than |8|°, whih are too rare in our sample (resulting

from a survey at intermediate and high Galati latitudes) for a meaningful

omparison. However, Figure 2.4.3 also shows that the status of the magneti

�eld in the Carina-Sagittarius arm is more omplex than desribed by the

relatively simple model of Han et al., with a large satter of values of RM for

similar values of DM and the trend in Figure 2.4.3 whih is muh more evident

for the pulsars below the Galati plane than for the ones at positive Galati

latitudes. As a onsequene, additional omponents in the Galati magneti

�eld are likely needed, like those investigated by Noutsos et al. (2008). A

signi�ant improvement in the modeling is expeted when the sample presented

here will be omplemented by the disoveries resulting from the low-latitude

part of the HTRU survey (Ng et al., in preparation).
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2.5 Using the fourth moments of the eletri �eld

to study orthogonally polarized modes of pulsar

emission

We desribe a tehnique, based on the proedure presented by van Straten

(2009), to evaluate the ovariane of the Stokes parameters while dealing with

data-sets made of single pulses.

As already outlined in Setion 2.1, given a statistial sample of eletromagneti

waves whose transverse eletri �eld is

−→e , the mean Stokes four-vetor S

desribes its seond order statistis. If we onsider an ensemble of mean Stokes

vetors, we an introdue the fourth moment statistis of the eletromagneti

waves, represented by the ovariane matrix C of the mean Stokes vetors. To

refer to a onrete example in pulsar observations, let us assume to observe a

pulsar for N of its rotations. As we typially ompute phase-resolved averages

of the Stokes parameters, let us also �x the phase bin orresponding to the

φ-th phase longitude of the i-th rotation, φi. We an thus ompute a mean

Stokes four-vetor, Sφi
, that desribes the polarization state at phase bin φi.

Colleting all the N mean Stokes four-vetors at the same phase, one an

ompute the ovariane matrix C related to the queried phase longitude as:

Cφ =

∑

i

(

Sφi
− Sφ

)

⊗
(

Sφi
− Sφ

)

N − 1
=
〈

(Sφ − Sφ)⊗ (Sφ − Sφ)
〉

(2.32)

where Sφ is:

Sφ =

∑

i Sφi

N
(2.33)

We will show that it is not possible to distinguish ertain basi properties of

the polarized emission from a pulsar using only the seond order statistis

given by the Stokes parameters. We will demonstrate that features of OPM

may be onstrained using its fourth order statistis. In fat, as for eah

phase longitude we have an ensemble of mean Stokes four-vetors (Sφi
in

the above example) we have also a distribution of points in the Poinaré

sphere. Solving the eigenvetor problem of the Q − U − V minor of the

ovariane matrix Cφ, and thus obtaining the eigenvetors S1, S2, S3 and

orresponding eigenvalues λ1 > λ2 > λ3, it is possible to haraterize the
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distribution geometry. This geometrial haraterization, derived from the

fourth order statistis of

−→e , allows to onstrain OPM features that the seond

order statistis alone an not distinguish. We note that the eigenvalues of the

ovariane matrix obtained from the Stokes parameters are the varianes of the

Stokes parameters themselves. We will also show that the polarization state

introdued in Setion 2.2 as �superposed OPMs� is more orretly desribed

as �disjoint unresolved OPMs�.

We are going to onsider di�erent ombinations of pulsar polarization states,

and derive the expeted ovariane matrix of eah ombination.

Hereafter we will onsider independent (inoherent and with unorrelated

intensities) OPM populations of eletromagneti waves, A and B, whose

population mean Stokes parameters are A and B, that haraterize NA and NB

ensembles of statistial samples of transverse eletri �elds

−→eA and

−→eB. Note

that with large values ofNA andNB, population mean Stokes parametersA and

B tend to a multivariate normal distribution (van Straten, 2009). The mean

Stokes four-vetor of the i-th statistial sample of

−→eA is Ai. The ovariane

matries of the ensembles are CA and CB.

In the following we will also use the inner produt, Lorentz invariant and

Eulidean norm de�nitions introdued in Equations 2.11 2.13 and 2.14:

A ◦B ≡ AkBk = ηkkAkBk = A0B0 −A·B
A2 ≡ A ◦ A = A2

0 − |A|2
‖A‖2 = A2

0 + |A|2
(2.34)

As a preliminary onsideration, we note that the ovariane matrix that we

expet to ompute from unpolarized radiation is proportional to the unity

matrix. In fat, as the eigenvetors and eigenvalues of the Q − U − V minor

of the ovariane matrix desribe the geometry of the polarization vetor

distribution in the Poinaré sphere, a distribution obtained by unpolarized

radiation is not supposed to have any preferential diretion or shape (that

would denote the presene of polarized emission). It would then result in a

spheroid, entered on the axis origin. As the three dimensions of a sphere are

equivalent, its eigenvalues should be as well.

All of the above onsiderations result in a ovariane matrix proportional to

the unity matrix.
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Single mode regime, we refer to a single mode regime when the

eletromagneti waves in all the onsidered stohasti samples are only

−→eA
or

−→eB, let us say −→eA. The elements of the ovariane matrix that orresponds

to this polarization regime is (van Straten, 2009):

Csingle = ζ2 (2A⊗A− ηA ◦ A) (2.35)

where η is the Minkowski metri tensor de�ned as in Equation 2.12, ζ2 is a

dimensionless variane de�ned as 1/2N , where N is the number of independent

and identially distributed Stokes parameters (van Straten, 2009) and the inner

produt S ◦ S is de�ned as in Equation 2.13.

As from de�nition in Equation 2.35, assuming that the mode population we

are onsidering is, for simpliity, linearly polarized:

A = (I, pI, 0, 0) (2.36)

where p is an arbitrary polarization degree (note that, if the mode population

is irularly polarized, it is always possible to rotate the base so that A =

(I, pI, 0, 0), see Setion 2.2 in van Straten 2009), Csingle is:

Csingle = ζ2









I2(1 + p2) ±2I2p 0 0
±2I2p I2(1 + p2) 0 0

0 0 I2(1− p2) 0
0 0 0 I2(1− p2)









(2.37)

this means that the polarization vetor distribution in the Poinaré sphere

resembles a prolate ellipsoid, whose major axis is parallel to the average

polarization vetor

−→p . Also notie that this regime predits a ovariane

between Stokes I and the eigenvetor S1.

Superposition regime, we refer to a superposition regime when every sample

of the eletromagneti wave

−→e is given by:

−→e = −→eA +−→eB (2.38)

that is, the OPM ombination ours at the eletri �eld level. In this ase,

the mean Stokes parameters

−→
S are simply given by:
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Ssuperposed = A +B (2.39)

Note that if the two modes are orthogonal and have equal polarized �uxes,

it is impossible to distinguish the Stokes four-vetor representative of the

superposed regime with respet to the Stokes four-vetor one would expet

to ompute from unpolarized radiation. As in van Straten (2010), we an

de�ne the ovariane matrix that orresponds to this polarization regime via

Equation 2.35:

Csuperposed = CA + CB + Ξ + ΞT
(2.40)

where CA and CB are de�ned by Equation 2.35, and Ξ is the ross-ovariane

matrix:

Ξ = ζAζB (2A⊗ B − ηA ◦B) (2.41)

As from de�nition in Equation 2.40, assuming that the mode populations we

are onsidering are, for simpliity, linearly polarized, with similar dimensionless

varianes ζ2 and similar intensities:

A = (I, pI, 0, 0)
B = (I,−pI, 0, 0) (2.42)

where p is an arbitrary polarization degree, Csuperposed is:

Csuperposed = ζ2









4I2 0 0 0
0 4I2 0 0
0 0 4I2 0
0 0 0 4I2









(2.43)

that is, it is impossible to distinguish between unpolarized radiation and the

superposition of orthogonal modes with equal polarized �uxes.

Composite regime (or disjoint unresolved regime), we refer to a

omposite regime when eah sample of the eletromagneti wave is either

−→eA or

−→eB. That is, the eletromagneti waves from the two modes are not superposed,

but both modes ontribute to a ertain stohasti sample: this is what have

been alled superposed regime in the past OPM literature. The mean Stokes

vetor of a stohasti sample of eletromagneti wave instanes is:
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Scomposite = fAA+ (1− fA)B (2.44)

where fA is the fration of eletromagneti wave instanes that belong to

mode A in a stohasti sample. Note that if fA = 0.5 and the two modes

are orthogonal with equal polarized �uxes it is impossible to distinguish the

Stokes four-vetor representative of the omposite regime with respet to the

Stokes four-vetor one would expet to ompute from unpolarized radiation.

The ovariane matrix that orresponds to this polarization regime is:

Ccomposite = fACA + (1− fA)CB (2.45)

where CA and CB are de�ned as in Equation 2.35.

As from de�nition in Equation 2.45, assuming that the mode populations are

desribed by the mean Stokes four-vetors of Equation 2.42 and that the

ourrene frequenies of modes A and B in the same stohasti sample are

equal (fA = 0.5), we have that Ccomposite is:

Ccomposite = ζ2









I2(1 + p2) 0 0 0
0 I2(1 + p2) 0 0
0 0 I2(1− p2) 0
0 0 0 I2(1− p2)









(2.46)

That is, as for the single mode regime, we expet the polarization vetor

distribution in the Poinaré sphere to be a prolate ellipsoid whose major axis

is direted along the semi-Stokes parameter that represent the predominant

polarization. In ontrast with the single mode regime, no ovariane is

predited between Stokes I and eigenvetor S1.

Disjoint regime, we refer to a disjoint regime when a fration FA of entire

stohasti samples ontains only instanes

−→eA and the omplementary fration

(1− FA) ontains only instanes

−→eB. The past OPM literature too refers to

this regime as �disjoint�, however, it would be more orret to all it �disjoint

resolved regime�. In this ase, the mean Stokes vetor of a stohasti sample is

either A or B, depending on whih mode is present in the onsidered sample.

An average over all the mean Stokes vetors would give:

Sdisjoint = FAA+ (1− FA)B (2.47)
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Again, note that if FA = 0.5 and the two modes are orthogonal with

equal polarized �uxes it is impossible to distinguish the Stokes four-vetor

representative of the disjoint regime with respet to the Stokes four-vetor one

would expet to ompute from unpolarized radiation.

The ovariane matrix that orresponds to this polarization regime is:

Cdisjoint = FACA + (1− FA)CB + FA (1− FA)D (2.48)

where D = (A− B)⊗ (A− B), CA and CB are de�ned as in Equation 2.35.

Note that, in the hypotheses assumed at the beginning of the dissertation (that

is, the polarized modes are orthogonal and inoherent), only in the disjoint

regime it is possible that the variane along the eigenvetor S1 exeeds the

variane in Stokes I. This happens beause of the ontribution of the D

matrix.

Assuming that the mode populations are desribed by the mean Stokes four-

vetors of Equation 2.42, and that the stohasti samples haraterized by

mode A or B our with the same frequenies (FA = 0.5), we have that D is:

D =









0 0 0 0
0 4p2I2 0 0
0 0 0 0
0 0 0 0









(2.49)

this shows that matrixD only in�ates the variane in Stokes Q. The ovariane

matrix Cdisjoint is:

Cdisjoint = I2ζ2









1 + p2 0 0 0
0 1 + p2 + 4ζ−2p2 0 0
0 0 1− p2 0
0 0 0 1− p2









(2.50)

As we stated at the end of Setion 2.2, in the literature there has been a

misunderstanding at the basis of the disussion about the omposition state

of the OPMs - superposed versus disjoint -. What the literature means with

OPM superposition is what we all, in the above text, omposite regime: an

addition of the Stokes parameters given by the eletri �eld instanes that

are present in the onsidered phase bin. We have shown that addition of the

Stokes parameters (the omposite regime) is not equivalent to the addition of

the eletri �eld vetors (the superposed regime). Although the two regimes
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result in the same mean Stokes parameters, they an be distinguished by the

fourth moments of the eletri �eld. Moreover, the fat that the literature

superposed OPMs is kind of dependent on the phase bin resolution has never

been properly taken into aount. Our guess is that inreasing the phase

resolution of the instrument (virtually at an in�nitesimal level), the omposite

regime would disappear, leaving only the unpolarized, the superposition or the

disjoint regime.

2.6 A ase of study: a �rst appliation to real data

The Vela pulsar (PSR J0835-4510) is one of the brightest pulsars ever known.

Disovered in assoiation with a supernova remnant (Large et al., 1968) in the

southern sky, it is a young (11.2 kyr, Taylor et al. 1993) lose (290 p, Caraveo

et al. 2001) and glithy (Urama and Okeke, 1999; Yu et al., 2013) pulsar,

haraterized by a spin period of 89 ms. The linear polarization perentage

of its single pulses is extraordinarily high (Manhester et al., 1980), lose to

100% at the peak, and the behavior of the polarization angle motivated the

development of the RVM (Radhakrishnan and Cooke, 1969). Nevertheless,

it also presents deviations from the lassial S-swing of the position angle,

suh as an orthogonally polarized, bright omponent that ours with a

very low frequeny in the trailing edge of the pulse pro�le (Johnston et al.,

2001). Moreover, its �giant miropulses� (Palfreyman et al., 2011) and miro-

strutures (Kramer et al., 2002) have been studied in great detail.

We test the method presented in Setion 2.5 on the Vela pulsar. Using a single

pulse data set obtained with the Parkes radio telesope. The data set is 1

hour-long, and it was olleted in July 2012 at an observing frequeny and

bandwidth of, respetively, 3 GHz and 400 MHz with the CASPER Swinburne

Parkes (CASPSR) bakend. The single pulses were oherently dedispersed,

isolated using an up-to-date ephemeris, alibrated in polarization and �ux and

split in 512 frequeny hannels. Due to a failure of one of the CASPSR disks

during the observations, about 2× 104 pulses an be used instead of 4× 104.

Figure 2.10 shows a waterfall plot of the �rst 20 pulses in the data set.

We apply the method desribed in Setion 2.5 to study the polarization state.

At �rst, we grouped the individual single pulses into 8-seond segments.

We then obtain the ovariane matrix of the Stokes parameters from the

approximately 90 pulses inluded in eah group after integrating them in
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Figure 2.10: First 20 pulses of the data set as shown in a waterfall plot.

frequeny, and solve the eigenvetor problem for the Q−U−V minor to obtain

its eigenvalues. The omputed values, however, do not orrespond exatly to

the unbiased varianes in Stokes Q, U and V . In fat, the obtained measures

are arti�ially inreased by the instrumental noise, whih ontributes to in�ate

the varianes in the Stokes. For this reason, one obtained the phase per phase

varianes in Stokes I, Q, U and V , we omputed an o�-pulse, mean variane

to be subtrated as noise ontribution to eah of the on-pulse eigenvalues:

σ2
noise,I = 1

noff,end
− noff,start

∑noff,end

i=noff,start

(

Ii − Ī
)2

σ2
noise,Q = 1

noff,end
− noff,start

∑noff,end

i=noff,start

(

Qi − Q̄
)2

σ2
noise,U = 1

noff,end
− noff,start

∑noff,end

i=noff,start

(

Ui − Ū
)2

σ2
noise,V = 1

noff,end
− noff,start

∑noff,end

i=noff,start

(

Vi − V̄
)2

(2.51)

Thus, what we assume to be our unbiased, on-pulse varianes are:
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σ2
I = σ2

on,I − σ2
off,I

σ2
Q = σ2

on,Q − σ2
off,Q

σ2
U = σ2

on,U − σ2
off,U

σ2
V = σ2

on,V − σ2
off,V

(2.52)

However, we are aware that this proedure is not su�ient to subtrat the

noise bias. In fat, the instrumental noise is added to the signal in the ontext

of the superposed regime, as they sum together as eletri �elds:

−→e = −→e signal +
−→e noise (2.53)

where

−→e is the eletri �eld that reahes the bakend, esignal and enoise are,

respetively, the eletri �elds of the signal and of the system equivalent �ux

density.

Where N and S are the Stokes four-vetors given by the instrumental noise

and the unbiased signal, the Stokes four-vetor that we ompute, Sbiased, is:

Sbiased = S +N. (2.54)

Whereas a diret subtration of the noise ontribution is su�ient to debias

the Stokes parameters, this is not enough to debias the ovariane matrix.

This an be shown using the ovariane matrix formula of Equation 2.40:

Cbiased = CS + CN + Ξ + ΞT
(2.55)

where CS and CN are the ovariane matries for the unbiased signal and the

noise as de�ned by Equation 2.35, and Ξ is given by:

Ξ = ζSζN (2S ⊗N − ηS ◦N) (2.56)

Therefore, the debias applied using Equations 2.52 ompensates for only

part of the noise ontribution. This inauray in debiasing for the noise

ontribution is partiularly severe if it is highly time-dependent. Figure 2.11

shows the temporal trend of the noise baseline as omputed over 30-seond

sub-integrations of data in the four Stokes parameters. By eye, it is possible

to notie how dramatially the baseline varies in only 30 minutes of data-

aquisition, espeially in Stokes I. The reasons for this behavior are still
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Figure 2.11: Temporal trend of the noise baseline averaged over 30-seond sub-

integrations in the four Stokes parameters (from top to bottom, Stokes I, Q, U ,

V ).

under investigation, as well as how to model matrix Ξ.

The following analysis are thus to be onsidered preliminary and partial.

The above disussion has impliations not only for pulsar polarimetry. For

example, a phase-resolved parameter, alled modulation index m, is largely

used in pulsar astronomy to study the variability (modulation) of Stokes I

from pulse to pulse. The modulation index is de�ned as (Jenet and Gil, 2003):

m(φ) =

√

〈I(φ)2〉 − 〈I(φ)〉2
〈I(φ)〉 =

σI(φ)

〈I(φ)〉 (2.57)

where φ is the pulse longitude. It is possible to reognize in the numerator

the square root of the �rst element of the ovariane matrix. As the only bias

removal to be applied to m in pulsar literature (Taylor et al., 1975; Cordes

et al., 1978) is the one shown in Equations 2.52, we an onlude that the
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modulation index studies show still partially biased parameters.

Figure 2.12 shows the pulse pro�le of the Stokes parameter varianes omputed

from the �rst 6 of these 8-seond long groups, while Figure 2.13 shows the pulse

pro�le of the Stokes parameter varianes omputed using all the single pulses

of the data set.

From the two �gures it is evident that for a vast range of phase longitudes,

variane in Stokes I and along eigenvetor S1 are basially equal. In the very

simpli�ed hypotheses we assumed at the beginning of Setion 2.5 (orthogonal

and independent modes, similar mode intensities and omparable frations of

ourrene), this would be a hint for single, superposed or omposite regime.

However, the evident disrepany between the varianes along eigenvetors

S2 and S3 would exlude the superposed regime. Indeed, no one of the

aforementioned regimes predits that the varianes along eigenvetors S2 and

S3 an di�er. Moreover, several phase ranges (espeially orresponding to the

emission peaks) show a di�erene also between the varianes in Stokes I and

along eigenvetor S1. Clearly a neat explanation would requests us to null

one or more of the initial hypotheses. For example, mode A and B may sum

oherently or being non-orthogonal: as speulated in van Straten (2009) and

van Straten (2010), this would in�ate the variane of Stokes I with respet to

the one along eigenvetor S1.

A thorough haraterization of the ovariane matrix in presene of oherent

modes is under study, and it will be soon presented in an upoming publiation.

2.7 Summary on appliations

We have presented a polarimetri analysis of 49 long-period pulsars disovered

as part of the HTRU southern survey. We were able to ompute the RM for

34 of them, while 9 objets show almost no polarized signal.

We found that the perentage of L among the pulsars in the sample is mainly

around 15− 20%, in agreement with previous studies (Gould and Lyne, 1998;

Weltevrede and Johnston, 2008) for soures with Ė lower than 5× 1033erg s−1

and a harateristi age larger than 1 Myr. In addition, the mean degree of

|V |, approximately 6%, is roughly ompatible with expetations, although it
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Figure 2.12: For eah panel, blak, red, green and blue lines show, respetively, the

pulse pro�les of the variane in Stokes I and along eigenvetors S1, S2, S3 omputed

from 8 of the 8-seond long groups.
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Figure 2.13: Blak, red, green and blue lines show, respetively, the pulse pro�les of

the variane in Stokes I and along eigenvetors S1, S2, S3 omputed using all the

single pulses in the data set.
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does not show any sign of a minimum in the range of ages between 106 and 107

years as in Gould and Lyne (1998). This an be due to the smaller number

of pulsars in our sample. However, we believe that these di�erenes are not

signi�ant.

For the majority of the total power pro�les, we reognized the presene of more

than one omponent, as expeted for a sample of �old� pulsars. In partiular,

we note the frequent ourrene of blended-double shaped pro�les. Aording

to the literature (i.e., Rankin 1983), this is an indiation of a onal emission.

The linear polarization pro�les often mirror the total intensity shape, although

the former are almost always narrower than the latter, as already notied in

Rankin (1983) while the fainter irular polarization pro�les show a handedness

reversal in a few ases. The PA swings vary from �at behaviors to mode jumps

and some ourrenes of RVM-like swings. For two of the analyses pulsars, the

�t for the swing yields some geometrial onstraints on the radio-beam. Both

appear to be almost aligned (α << 45°) rotators.

We have also arried out a preliminary analysis of the Galati magneti

�eld resulting from the available sample of pulsars disovered so far in the

HTRU southern survey that have a omputable RM value, and we studied

the impliations of the results we obtained. The data do not support the

model presented by Vallée (2005), whereas there is some agreement with the

one proposed by Han et al. (2006) and Noutsos et al. (2008). In ontrast

with Vallée (2005), Han et al. (2006) and Noutsos et al. (2008) laim that the

Galati magneti �eld has a ounter-lokwise diretion in the arms and a

lokwise diretion in between. However, given the limited number of pulsars

in our sample and their proximity to the Sun, it is di�ult to put signi�ant

onstraints on more ompliated large sale models for the Galati magneti

�eld for the time being.

In the seond part of the Chapter, we tested a tehnique to obtain and interpret

the ovarianes of the Stokes parameters based on itealtvs09, and applied it

to single pulse observations of the Vela pulsar obtained with the Parkes radio

telesope.
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As we an onsider three regimes of polarization mode ombination, starting

from the hypothesis of orthogonal and independent modes, with similar

intensities and ourrene frequenies, we �nd that no one of them fully

represent the data. This leads to the obvious onlusion that one or more

of the initial hypotheses have to be disarded. The most likely one is the

assumption of mode independene, favoring the presene of mode ovariane.

Moreover, we reognize that the urrent bias removal tehnique to eliminate the

noise ontribution to the Stokes varianes is not aurate enough. Our results

are thus to be onsidered preliminary. Modulation index studies should be

reonsidered one an appropriate bias removal proedure is fully developed.





Chapter 3

Constraining orrelated signals in

Pulsar Timing Array data

Based on Constraining orrelated signals in pulsar timing array data, C.

Tiburzi, G. Hobbs, M. Kerr, W. A. Coles, S. Dai, M. J. Keith, R. N.

Manhester, A. Possenti, R. M. Shannon, W. van Straten, in preparation

As explained in Chapter 1, the main target of the Pulsar Timing Array (PTA)

experiments is the diret detetion of a stohasti and isotropi gravitational

wave bakground. Suh a signal is predited to indue low frequeny noise in

the pulse time-of-arrival of a pulsar, that is orrelated between pulsars pairs on

the basis of a spei� funtion. The detetion will thus be ahieved searhing

for this partiular orrelation signature. In this Chapter we study the impat of

other orrelated noises on this searh. We have two main aims. The �rst is to

obtain a deep knowledge of these other orrelated signals, mainly errors in the

lok time standards and in the planetary ephemeris, and understand if their

presene an prevent a orret detetion of the underlying gravitational wave

bakground. The seond is to test a series of mitigation routines to orret for

the aforementioned signals and evaluate whih are the osts of these routines in

terms of loss of sensitivity in our searh for the gravitational wave bakground.

3.1 Introdution

PTA projets aim to study phenomena that a�et multiple pulsars. Suh

phenomena inlude irregularities in terrestrial time standards (Hobbs et al.,

2012), poorly determined Solar System ephemeris (Champion et al., 2010),

instrumental e�ets and, most important, gravitational waves (Jenet et al.,

85
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2005). In all these ases, the ToA series of the signals from a pulsar will

be spatially and temporally orrelated. PTA projets are based around

determining the orrelation C(θij) between the time series of a pair of pulsars

(labeled i and j) that are separated by an angle θij. These oe�ients are

analyzed to identify the physial phenomenon that leads to the orrelation.

For unorrelated noise � suh as that indued by the interstellar medium and

intrinsi timing noise of eah individual pulsar � we have that, on average, the

angular orrelation is:

C(θij) = 0. (3.1)

In Chapter 1 we introdued that pulse time of arrivals (ToAs) are referred to a

realization of Terrestrial Time, TT. Two main realizations are used. Terrestrial

Time as realized by International Atomi Time (TAI) is a quasi-real-time time

standard. This is subsequently updated to produe the world best atomi time

standard, i.e. the Terrestrial Time as realized by the Bureau International

des Poids et Mesures (BIPM). For the work presented in this Chapter we use

TT(BIPM2013). The di�erene between these two time standards, after �tting

and removal a quadrati polynomial (see Hobbs et al. 2012), is shown in the

upper panel of Figure 3.3 and, over the time span plotted, has a peak-to-peak

amplitude of ∼ 2µs. Any errors in the terrestrial time standard used will

indue the same timing residuals in all pulsars, i.e.,

C(θij) = 1. (3.2)

We note that this monopolar signal in the orrelations is only true for pulsar

data sets that have an idential data span, �t parameters and observing

adene. The lok error does indue the same ToA �utuations for eah

pulsar, but the determination of eah pulsars' pulse, astrometri and orbital

parameters as part of the timing proedure will modify the shape of the

residuals for eah pulsar.

Always in Chapter 1 we desribed how the pulsar timing proedure also relies

upon knowledge of the position of the SSB with respet to the observatory.

Let us assume that the position of the observatory with respet to the enter

of the Earth is preisely known. In this ase, we an only onsider possible

errors in the Solar System ephemeris that is used to onvert pulse ToAs from

the Earth's enter to the Solar System Baryentre (SSB). Instantaneously, the
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e�et indued by an error in the planetary ephemeris on the pulsar timing

residuals r is dipolar (with pulsars in the elipti plane having maximum ToA

�utuations assuming that the major unertainty in the SSB position is within

the elipti):

ri(t) =
1

c
(~e(t) · k̂i) (3.3)

where c is the vauum speed of light, ~e is the time-dependent error in position

of the SSB position with respet to the observatory and k̂i is a versor pointed

toward pulsar i.

The development of Solar System ephemerides is omplex. An error in the

Earth�SSB vetor ould arise from 1) the planetary mass estimates used when

making the model or 2) Solar System objets that are not inluded in the

ephemeris. Generally, if the error arises beause of a single objet, its time-

dependeny will be osillatory with the period of the planetary orbit. If it arises

beause of multiple objets, a more omplex time-dependent variations in the

Earth-SSB error an our. Averaged over a long time interval, the orrelations

between any two pulsars will not be anymore a pure dipolar signature.

In this Chapter we make use of the Jet Propulsion Laboratory (JPL)

ephemerides, DE421 and DE414. DE421 inludes more VLBI observations,

more updated planet and satellite orbits and mass estimates. It is also valid

until 2050 while DE414 is valid until 2201, and this ensures a better preision

of DE421 on shorter time sales. The temporal trend of the SSB position

di�erene between these two realizations of the planetary ephemeris, with the

subtration of a quadrati polynomial as for the ase of the lok errors, is

shown in the two lower panels of Figure 3.3.

We reall that a gravitational wave bakground (GWB) leaves on the angular

orrelation omputed between the timing residuals of independent pulsar pairs

is the Hellings and Downs urve, given by:

C(θij) = ζ(θij) =
3

2
x log(x)− x

4
+

1

2
(3.4)

where x = [1− cos(θij)]/2.

We note that also other e�ets an also lead to orrelated timing residuals,

suh as instrumental e�ets and Solar Wind.

The searh for the GWB is based on determining the orrelation between

the timing residuals for eah pair of pulsars in a given PTA. An analysis is
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subsequently arried out to identify whether those orrelations take the form

of the Hellings & Downs urve. If they do, then a detetion of the GWB

will be laimed. We note that this funtional form will never be perfetly

mathed in pratie. First of all, the Hellings & Downs urve is not obtained

through independent measurements of the angular ovariane. For a given

PTA, only a �nite number of pulsar pairs exists and the measured orrelations

will not be independent as a given pulsar will ontribute to multiple pairs.

The Hellings & Downs urve is also the theoretial limit that would only be

obtained by averaging a large number of individual universes. For our universe,

the positions and properties of the blak hole binaries along with the e�et of

the GWB passing eah pulsar will lead to noise on the expeted urve. Various

researhers (Yardley et al., 2011; van Haasteren et al., 2011) have developed

algorithms to searh for the signature of the Hellings & Downs urve and have

applied those algorithms to atual data sets.

To date, no detetion has been made. As the �rst, diret detetion of GWs

will be of enormous astrophysial interest, the hane of false detetions must

be well understood. After a detetion, the �rst step will be to determine an

unbiased estimate of the properties of that bakground (suh as its amplitude).

It is therefore fundamental to verify whether any other physial e�ets ould

lead to an angular orrelation that has the form of, or ould be misidenti�ed

as, the Hellings & Downs urve. In this Chapter we:

� demonstrate how other orrelated noise proesses (suh as errors in the

terrestrial time standard and in the planetary ephemeris) degrade our

ability to detet and measure the properties of the Hellings & Downs

urve and emphasize that GWB detetion odes need to aount for suh

orrelations.

� demonstrate that these other orrelated noise proesses an bias our

determination of the GWB amplitude

� provide a method to orret for these e�ets

� demonstrate the redution in sensitivity to a GWB that ours after

aounting for other orrelations.

This researh is arried out using simulated data sets. In 3.2 we desribe those

simulations, the algorithm used to measure the angular orrelations and the
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PSR name Spin period Distane RA De Elipti latitude

[ms℄ [kp℄ [hh:mm:ss℄ [dd:mm:ss℄ [deg℄

J0437−4715 5.757 0.16 04:37:15.8 −47:15:08.6 −67.9
J0613−0200 3.062 0.90 06:13:43.9 −02:00:47.1 −25.4
J0711−6830 5.491 1.04 07:11:54.2 −68:30:47.5 −82.9
J1022+1001 16.453 0.52 10:22:58.0 +10:01:53.2 −0.1
J1024−0719 5.162 0.49 10:24:38.6 −07:19:19.1 −16.0
J1045−4509 7.474 0.23 10:45:50.1 −45:09:54.1 −47.7
J1600−3053 3.598 2.40 16:00:51.9 −30:53:49.3 −10.1
J1603−7202 14.842 1.64 16:03:35.6 −72:02:32.7 −50.0
J1643−1224 4.622 0.42 16:43:38.1 −12:24:58.7 9.8

J1713+0747 4.57 1.05 17:13:49.5 +07:47:37.4 30.7

J1730−2304 8.123 0.51 17:30:21.6 −23:04:31.1 0.2

J1732−5049 5.313 1.81 17:32:47.7 −50:49:00.1 −27.5
J1744−1134 4.075 0.42 17:44:29.4 −11:34:54.6 11.8

J1857+0943 5.362 0.90 18:57:36.3 +09:43:17.3 32.3

J1909−3744 2.947 1.26 19:09:47.4 −37:44:14.3 −15.2
J1939+2134 1.558 5.00 19:39:38.5 +21:34:59.1 42.3

J2124−3358 4.931 0.30 21:24:43.8 −33:58:44.6 −17.9
J2129−5721 3.726 0.40 21:29:22.7 −57:21:14.1 −39.9
J2145−0750 16.052 0.57 21:45:50.4 −07:50:18.4 5.3

J2241−5236 2.187 0.68 22:41:42.0 −52:36:36.2 −40.4

Table 3.1: The PPTA pulsar sample simulated in this study

mitigation proedures. In 3.3 we show and disuss the results. In 4.5.3 we

derive the onlusions.

3.2 Method

3.2.1 Simulated data sets

PTA data sets are subjet to various omplexities: di�erent pulsars may have

di�erent data spans, the preision with whih the ToAs an be determined is

a�eted by the �ux density of the pulsar and interstellar sintillation and the

observational sampling is non uniform. In the work presented in this Chapter

we hoose to use muh simpler, simulated data sets that have regular sampling,

equal error bars and equal data spans. If we obtain inorret determinations

of the Hellings & Downs urve with these simulations then it is even more

likely that features in the atual data would also lead to further problems.

We simulate data sets for 20 of the milliseond pulsars (MSPs) observed by

the PPTA (listed in Table 3.1). The overage of the Hellings & Downs urve

o�ered by these pulsars is shown by the empty dots in Figure 3.1. We note that

the losest pulsar pair is PSR J2129−5721-PSR J2241−5236 with an angular

distane of 11.36 degrees, and the most widely separated is PSR J1022+1001-

PSR J2145−0750 with an angular distane of 170.57 degrees. Only nine pulsar
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Figure 3.1: The ontinuous line represents the expeted Hellings & Downs urve,

the empty dots show the Hellings & Downs urve overage o�ered by the PPTA (see

Table 3.1).

Tag Simulated e�et

S0 White noise

S1 Unorrelated red noise

S2 GWB (A=1× 10−15
)

S3 Errors in the lok onversion [TT(BIPM2013) - TT(TAI)℄

S4 Errors in the SSB position [DE421 - DE414℄

S2+S3 GWB (A=1× 10−15
) and errors in the lok onversion [TT(BIPM2013) - TT(TAI)℄

S2+S4 GWB (A=1× 10−15
) and errors in the SSB position [DE421 - DE414℄

Table 3.2: List of the produed simulations.

pairs have angular separations wider than 140 degrees. Where needed in the

simulations, we assume distanes for these pulsars as the values given in the

pulsar atalogue

1

.

We simulate the ToAs using the simulation routines within the tempo2

software pakage (Edwards et al., 2006). We form idealized ToAs (see Hobbs

et al. 2009) for eah of the 20 pulsars with the formIdeal plugin from MJD

48000 to 53000 (a span of 5000 days/13.7 years), with an observing adene

of one every 14 days and a white noise level of 100 ns. These idealized ToAs

are perfetly modeled by the input timing model, i.e. with that model they

would produe zero, to within mahine preision, residuals. We then add

various o�sets to these idealized arrival times. The addGaussian plugin

1

http://www.atnf.siro.au/people/pulsar/psrat/
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Figure 3.2: The blue, blak, red ontinuous lines show the power spetrum aused by,

respetively, only white noise, a GWB with an amplitude of 1×10−15
and an error in

the lok onversion averaged over 1000 realizations for PSR J0437−4715, while the
blak dashed line indiates the expeted power spetrum following Equation 3.5. The

green ontinuous and dotdashed lines show the power spetrum aused by an error in

the SSB position averaged over 1000 realizations for, respetively, PSR J0437−4715
and PSR J1022+1001.

simulates o�sets aused by radiometer noise. Various other plugins exist,

suh as addRedNoise, addGWB, et. that an add other physial e�ets

(unorrelated red noise and a GWB signal respetively, for these examples).

A �nal data set based on the required physial e�ets is produed by using

the reateRealisation plugin. In all ases the initial, idealized ToAs are

based on TT(BIPM2013) and the Solar System ephemeris JPL DE421. For

all simulations we generate 1000 realizations of the noise. The simulations we

reate are summarized in Table 3.2:

� S0, we simulate a data set that only inludes 100 ns of white, Gaussian

noise.

� S1, we simulate a data set that inludes 100 ns of white, Gaussian noise

and spatially-unorrelated red noise. This red noise is hosen to have

the same power as expeted from a GWB reated by a large number of

supermassive blak hole binaries at high redshift (A = 1 × 10−15
; Ravi

et al. 2014);

� S2, we simulate white noise data sets and then add the o�sets indued by
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Figure 3.3: The upper panel shows the temporal trend of the di�erene between the

two realizations of the terrestrial time TT(BIPM2013) and TT(TAI). In the lower

row, the two panels show the temporal trend of the di�erene in the SSB position as

omputed via the planetary ephemeris DE421 and DE414. The left panel displays

this di�erene as deompose in its three spatial omponents, the right panel displays

the absolute di�erene.
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a GWB with an amplitude of 1×10−15
via the tempo2 plugin addGWB;

� S3, we simulate white noise data sets as desribed for S0, based on

the TT(BIPM2013) time standard. We then arry out all subsequent

proessing of the data using the TT(TAI) time standard.

� S4, we simulate white noise data sets based on DE421. We then arry

out all subsequent proessing of the data using the DE414 Solar System

ephemeris.

We reate two additional simulations, that will be only used in Setion 3.3.4 to

test the e�ets of the mitigation routines that we will desribe in Setions 3.2.3

and 3.2.4:

� S2+S3, we simulate white noise data sets based on the TT(BIPM2013)

time standard. Then we add the o�sets indued by a GWB with an

amplitude of 1×10−15
via the tempo2 plugin addGWB and we arry out

all subsequent proessing of the data using the TT(TAI) time standard.

� S2+S4, we simulate white noise data sets based on DE421. Then we

add the o�sets indued by a GWB with an amplitude of 1×10−15
via the

tempo2 plugin addGWB and we arry out all the subsequent proessing

of the data using the DE414 Solar System ephemeris.

As one of our goals is to evaluate if a ertain detetion an be produed by

white noise, unorrelated red noise or the aforementioned orrelated signals

instead of a genuine GWB, we proess all the realizations in S0, S1, S3 and S4

as simulations in S2. We thus use the model of the expeted power spetrum

given by a GWB (Equation 3.5) to �t eah generated time series for spin

period, its derivative, position and proper motion.

In order to estimate the impat of the various e�ets, we show (Figure 3.2) the

resulting power spetra for simulations S0, S2, S3 and S4, averaged over 1000

realizations, for PSR J0437−4715. Note that sine the resulting mean power

spetrum for S1 is the same of S2, we do not display it for sake of larity.

As the Solar System ephemeris errors are strongly dependent upon the pulsar

position we also show the resulting power spetrum for a pulsar in the elipti

plane, PSR J1022+1001, for S4. The power-law spetrum for the GWB (S2)

takes the expeted form shown as a blak, dashed line in Figure 3.2 (Detweiler,

1979):
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PGWB(f) =
A2

12π2

(

f

fyr

)2α−3

(3.5)

where A is the GWB amplitude for a frequeny f = fyr = (1yr)−1
, α sets the

power-law slope, and it is predited to be −2/3 for an isotropi and stohasti

GWB (Phinney, 2001).

The spetrum of a lok error orresponding to the di�erene between

BIPM2013 and TAI is at a higher level than that from the expeted GWB.

We estimate that it is omparable to the power indued by a GWB amplitude

of 2.2× 10−15
. However, the atual error in the terrestrial time standard used

when analyzing atual PTA data is likely to be smaller. This is beause 1)

the largest errors are likely to be aused by errors in TT(BIPM2013) while the

errors in TT(TAI) should be at a lower level and 2) muh of the power omes

from variations in the TT(TAI) around the year 2000 when the time standard

was deliberately steered. Modern-day time standards are signi�antly more

stable. However, this method does provide an upper bound on the expeted

variations that ould our due to the adopted time standard.

The power spetrum obtained from a Solar System ephemeris errors

orresponding to the di�erene between versions DE421 and DE414, and

averaged over all the 20 pulsars used in the simulations, is approximately

equivalent to a GWB amplitude of 6 × 10−16
. As above, we expet that the

atual errors in the planetary ephemeris will be at a lower level than that.

This suggests that, even for pulsars situated in the elipti plane, the signal

will be lower than that indued by the GWB. However, this onsideration

does not aount for the possibility that an unknown objet exists in the solar

system that is not inluded in the existing ephemerides. It is unlikely that

suh an objet exists, is massive enough and has a short enough orbital period

to signi�antly hange this onlusion in the elipti plane (whih has been

well probed by spaeraft), but it is not impossible that suh an undeteted

objet may exist in a non-elipti orbit.

3.2.2 Measuring the angular ovariane

Measuring the orrelation or ovariane between di�erent pulsars is not trivial

beause of the presene of steep red noise signal. Methods desribed in the

literature are either optimal for data sets that are lose to white, or have been

optimized for a partiular red noise spetrum. Yardley et al. 2011 (hereafter
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Y11) presented a method that was optimal to searh for the orrelations

indued by a GWB (with α = −2/3).

In the Y11 tehnique, the ovariane A2ζ between every pair of pulsars is

determined as a weighted mean over the frequeny hannels fk:

A2
ijζ(θij) =

12π2
∑

kXij(fk)k
2α−3/σ2

Xij
(fk)

(Toverlap)3−2α
∑

k k
4α−6/σ2

Xij
(fk)

(3.6)

where θij is the angular distane between the pulsars, σ2
Xij
(fk) is the variane

of the k-th frequeny hannel of the ross-power spetrum Xij between pulsars

i and j, Toverlap is the data span overed by both the time series of pulsar i and

pulsar j and ζ is the Hellings & Downs funtional form (see Equation 3.4). The

value for the squared GWB amplitude A2
is obtained by �tting the Hellings

& Downs urve to the resulting ovariane estimates. To get an unbiased

estimate of A2
, this routine (implemented as the detetGWB plugin in the

tempo2 software pakage) needs an initial guess for the GWB amplitude, in

order to properly weight the spetral frequeny hannels obtained from eah

time series. As initial guesses for all the simulations we hoose 1 × 10−15
. As

we stressed in Setion 3.2, we searh for the probability that a detetion we

think is given by a GWB is atually generated by a di�erent soure, thus we

proess all the simulations as we analyze S2.

With these initial guesses, we run detetGWB on eah of the simulated

realization. We hoose A2
as our statistis. The A2

statisti will allow us

to determine if the inlusion of other orrelated noise proesses an indue

signi�ant values of A2
even when no GWB is present. The hoie of A2 is

therefore used as it is �optimally� sensitive to the GWB, but also provides a

way to detet other non-Hellings & Downs systemati e�ets in the data.

It is ommon pratie to apply GWB detetion odes diretly to a data

set without attempting to aount for other orrelated noise proesses (e.g.,

Yardley et al. 2011, van Haasteren et al. 2009, Demorest et al. 2013). However,

if other forms of orrelated noise have a well-de�ned signature in the timing

residuals then it is also possible to attempt to remove or aount for suh

orrelated noises. We identi�ed two possible methods: 1) remove the signals

from the data sets before applying the GWB detetion ode and 2) to update

the GWB detetion ode to aount for the presene of suh signals. In the

Setions 3.2.3 and 3.2.4 we desribe an implementation of these methods.
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3.2.3 Mitigation of time standard errors

Our initial method (labeled here as CLK1) is to leave the data sets untouhed,

but to update the Y11 �tting algorithm to aount for the possibility of

orrelated noise aused by errors in the time standard (by ombining Equations

3.2 and 3.4). The Y11 algorithm is therefore updated to enable simultaneous

�tting for the amplitude of the Hellings & Downs urve and an arbitrary o�set.

In theory, the o�set would orrespond to the lok error. In pratie, we expet

it to be ovariant with the mean of the Hellings & Downs urve.

Our seond method (labeled here as CLK2) is to measure, and subsequently

remove, the errors in the time standard using the routines developed by Hobbs

et al. (2012). In brief, we �rst searh for a ommon signal in the timing

residuals of all the pulsars by simultaneously �t the timing residuals of all

pulsars with a grid of regularly-spaed, linearly-interpolated values. After

measuring the ommon signal, we update the timing models for eah pulsar

to inlude (but do not subsequently �t for) the omputed grid of values. As

we mentioned, removing this ommon signal we remove the mean of the GWB

signal as well, and it would be erroneous to �t the resulting angular ovarianes

only with Equation 3.4. We will use:

C(θij) = ζ(θij) =
3

2
x log(x)− x

4
+

1

2
+ c (3.7)

instead, with c being a new free parameter representing an o�set. This

tehnique has a single free parameter � the sampling of the grid. We use

a 100 days grid spaing.

3.2.4 Mitigation of planetary ephemeris errors

Two published methods exist for measuring and removing planetary ephemeris

errors. The �rst (PE1) is a generalization of the method to measure and remove

the lok signal (see Deng et al. 2013 for a similar tehnique). In the proess,

we simultaneously �t for the three omponents of ~e(t) in Equation 3.3. This

provides three time series, ex(t), ey(t), ez(t), that an subsequently be inluded

in the timing models for eah pulsar.

The seond (PE2) was �rst presented by Champion et al. (2010) and is used

to measure unertainties in the mass of a body in the Solar planetary system.

This method is optimal for the known planetary objets, but annot be applied

to unknown objets. In this work we assume that the masses of the planets
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to Mars are well onstrained. We also assume that any error in the planets

further out than Saturn will have little e�et on our urrent data sets. We

therefore inlude a �t for the Jovian and Saturnian systems.

3.3 Results and disussion

3.3.1 Results from non mitigated simulations: angular ovarianes

In the left-hand panels of Figure 3.4, we show the angular ovariane of an

individual realization from the simulations without applying any orretion.

In the right-hand panels we show the angular ovariane trend for the same

simulations, but averaged over the 1000 realizations.

We note that the angular ovarianes (both from the individual realization and

the averaged) for simulations S0 and S1 have a �at trend and are dispersed

around zero, but the satter of the S1 angular ovarianes is higher, as it is

reasonable to expet.

We orretly reover the Hellings & Downs urve for simulation S2. For an

individual realization there is signi�ant satter on the urve even though we

are simulating very long data sets with a very low level of white noise rms. This

satter makes it hallenging, but not impossible, to distinguish between the �ve

simulations on the basis of an individual realization. The angular ovarianes

for simulation S3 have no dependeny with the angular separation, and show

a signi�ant o�set with respet zero, as Equation 3.2 antiipated.

The shape of the angular ovariane trend obtained from simulation S4 is more

di�ult to be interpreted. The instantaneous angular orrelation given by an

error in the SSB position an only be 1, −1 or 0, but the ovariane resales the

orrelation with respet the power indued by the e�et. Moreover, sine the

error vetor ~e is time-dependent, the derived angular ovariane an hange in

time, and the �nal result is obtained via a time-integration. However, we an

say that in general a lose pulsar pair is likely to be positive orrelated, and

a widely-separated one is likely to be antiorrelated. This mirrors the trend

that we observe for simulation S4.

The panels in the right-hand olumn learly show that the average

harateristis are di�erent and that, with a large number of realizations, it is

unlikely that the angular ovariane trend for a GWB would be misidenti�ed

with another e�et. For example, the main distinguishing feature between the

GWB and the planetary ephemeris errors is seen at wide angular separations
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Figure 3.4: In the left-hand panels we show the angular ovariane trends of

an individual realizations for, respetively, simulations S0, S1, S2, S3 and S4

as omputed by detetGWB. In the right-hand panels, we show the angular

ovariane trends for the same simulations, averaged over 1000 realizations.
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Mitigation Simulation Mean Standard FAP FAP

deviation 5% 1%

NO S0 3.1e− 34 1.3e − 31 2.2e − 31 3.4e− 31

NO S1 3.0e− 34 2.6e − 31 4.6e − 31 6.6e− 31

NO S2 1.2e− 30 5.6e − 31 − −
NO S3 2.8e− 30 3.1e − 31 3.3e − 30 3.6e− 30

NO S4 3.0e− 31 1.3e − 31 5.2e − 31 6.3e− 31

Table 3.3: Means, varianes and FAP levels at 5% and 1% for simulations from S0

to S4 without any orretion applied.

where the GWB produes orrelated timing residuals whereas the ephemeris

produes anti-orrelated residuals. Conerning the PPTA, unfortunately, it is

in this region where we have poor sampling of the angular ovarianes (see

Figure 3.1).

Even though it is hard to imagine mistaking the results from errors in the

terrestrial time standard for a GWB signal, in the next Setion we are going

to show that the blind run of GWB detetion algorithms ould lead to false

signi�ant detetions. Modern algorithms alulate a statisti that is sensitive

to the GWB (in our ase A2
is suh a statisti) for the atual data set and then

determine the false alarm probability of ahieving that value with data sets

that do not inlude the GWB. In the following, this has been aomplished

by omparing the hosen statisti obtained for GWB-a�eted simulations (S2)

with the same parameter as omputed from simulated data sets that inlude

other kind of unorrelated and orrelated noise (S0, S1, S3 and S4). We will

demonstrate how the false alarm probability must be modi�ed in the presene

of other orrelated noise.

3.3.2 Results from non mitigated simulations: false alarm

probability estimates

In Figure 3.5 we show the resulting A2
histogram from simulation S2.

The ontinuous line indiates the mean (approximately 1.2 × 10−30
) of the

histogram, the error bar shows the standard deviation of the values with

respet this mean (5.6× 10−31
), and the dashed blak line marks the injeted

GWB squared amplitude (1 × 10−30
). This demonstrates that the adopted

algorithm is non-biased in this ideal ase. We note that the A2
distribution

is not Gaussian and has signi�ant outliers. It is not trivial to determine

analytially the shape of the atual distribution (partiularly for real PTAs in

whih the pulsars have di�erent data spans, noise levels, et.).
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Figure 3.5: A2
histograms for simulations S2. The ontinuous and dashed lines

orrespond, respetively, to the mean of the values and to A2 = 1×10−30
. The error

bar shows the standard deviation of the values.
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Figure 3.6: A2
histograms obtained from simulations S0, S1, S2, S3 and S4

(respetively in yan, magenta, blak, red and green.)
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In Figure 3.6 we show a omparison between the A2
histograms obtained for

simulations S0 to S4. The histogram means, standard deviations and false

alarm probability (FAP) levels at 5% and 1% are reported in Table 3.3. The

S0 histogram (white noise only ase, yan in the Figure) mean is 3.1e − 34:

it is extremely lose to zero, as it should be if there is no orrelated signal

resembling a GWB in the time series. Assuming a 5% FAP referred to S0,

the orresponding A2
threshold is 2.2× 10−31

. Out of the 1000 realizations of

the GWB (S2; blak in the Figure), 992 exeed it. If we hoose a 1% FAP

instead, the orresponding A2
threshold is 3.4×10−31

, and the perentage of S2

realizations above it is 99.8%. This demonstrates that, if the only omparison

was with white noise at 100 ns level for all the pulsars, then a GWB with an

amplitude of 1 × 10−15
ould easily be deteted with our simulated sample

of pulsars. However, the timing residuals simulated for S2 do exhibit red

noise that is learly seen by eye. It is therefore more reasonable to selet a

false alarm rate based on data sets that inlude both white and unorrelated

red noise (S1; magenta in the Figure). A 5% FAP based on S1 gives an A2

threshold of 4.6 × 10−31
, with the 95.6% of the S2 A2

values above it. A 1%

FAP, haraterized by an A2
threshold of 6.6× 10−31

, gives that the 86.9% of

the S2 A2
values are greater than it. This means that the sensitivity to the

GWB is redued, but implies that a detetion is possible.

However, the histogram obtained from S3 (error in the lok time standard,

red in the Figure) exeeds almost ompletely the S2 results. The reasons for

suh an outome are to be searhed in the high equivalent amplitude of the

simulated lok error, also shown in Figure 3.2. Simulations S3 show a 5% and

1% FAP of, respetively, 3.3e− 30 and 3.6e− 30, and only from an handful of

realizations from S2 we get a squared amplitude that exeeds these levels.An

error in the Solar System ephemeris (S4; green in the Figure) yields a 5% and

1% FAP of 5.2e − 31 and 6.1e − 31. Respetively, 92.8 and 87.8% of the S2

values are above the two thresholds. We dedue that although the overlap

between the S2 and S4 results is not omplete, also in this ase the sensitivity

to the GWB is redued.

In summary, Figure 3.6 highlights that signi�ant A2
values an be obtained

from data sets that do not ontain a GWB, but do ontain other orrelated

noise suh as lok and planetary ephemeris errors. This therefore leads

to biased A2
estimates and, unless orreted, ould potentially lead to false
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detetions.

All these onsiderations are not surprising. In fat, even though the

determination of A2
is obtained from a method that is optimized for a GWB

searh, it will still detet orrelated power in the residuals aused by other

e�ets. In the next setion we disuss the e�etiveness of our proposed

orretion routines.

3.3.3 Results from mitigated simulations: modi�ation of the false

alarm probability estimates

We individually apply the mitigation proedures for lok and planetary

ephemeris errors, respetively, on simulations S3 and S4 to test if the hosen

mitigation proedures are able to orret for the orresponding errors and how

muh e�etive they are.

We �nd that both the lok orretion proedures explained in Setion 3.2.3

work well. Figure 3.7 shows a omparison between the A2
histograms obtained

from simulations S3 orreted for CLK1 (upper panel) and CLK2 (lower panel)

with respet those obtained from simulations S3 and S2. The �rst two rows

of Table 3.4 reports means and standard deviations of the A2
histograms

omputed frommitigated S3 simulations given as frations of the orresponding

values listed in Table 3.3, along with FAPs at 5% and 1%. Both CLK1

and CLK2 suessfully remove the majority of the e�ets of the lok errors

from simulations S3: the means of the histograms are about three orders

of magnitude less than the non-mitigated result. However, CLK1 leaves a

signi�ant satter in the A2
values, lose to the original one, whereas the satter

left by CLK2 is roughly halved. This is beause CLK1 does not work on the

data, thus the original orrelation between the simulated timing residuals is

not removed. This auses the sattering of the A2
values to remain basially

unaltered. On the other hand, CLK2 ats diretly on the data with the aim

to remove the entire monopolar signature, and this indues a redution of

the A2
spread as well. FAPs at 5% and 1% are greatly redued by both of

the mitigation proedures. After the implementation of CLK1, they fall from

3.3e − 30 and 3.6e − 30 to 5.1e − 31 and 7.5e − 31: more than, respetively,

93% and 81% of the A2
values obtained from S2 exeed these thresholds.

After CLK2, 5% and 1% FAPs are redued to 2.3e − 31 and 3.1e − 31, with

992 and 985 A2
S2 values out of 1000 above them. CLK2 seems thus to

be the most e�etive mitigation routine for what it onerns the apability
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of reduing the FAP. Upper row of Figure 3.9 shows the averaged angular

ovarianes obtained after the appliation of CLK1 (left panel) and CLK2

(right panel) to simulations S3. The initial monopolar signature is preserved

by the appliation of CLK1, as it does not imply a modi�ation of the data,

while the power subtration worked by the seond mitigation routine is the

reason for the negative o�set when CLK2 is applied.

The appliation of the two planetary ephemeris orretions desribed in

Setion 3.2.4 is not as well e�etive. Figure 3.8 ompares the A2
distribution

obtained from simulations S4 after being orreted for PE1 (upper panel) and

PE2 (lower panel) with the results from simulations S4 and S2. The last two

rows of Table 3.4 reports the frational means and varianes from the mitigated

A2
histograms, and FAPs at 5% and 1%, while lower row of Figure 3.9 shows

the average angular ovarianes from simulations S4 following the mitigations

for PE1 and PE2. A �rst lear onsideration is about the negative histogram

mean after orreting for PE1, indued by the trend of the angular ovarianes

shown in the lower left panel of Figure 3.9, that is reversed with respet the

original one (see right panel in the last row of Figure 3.4). This behavior is

explained by the large number of extra degrees of freedom (we �t for three

time series sampled every 100 days, adding in an extra 156 parameters to

the �t), that absorbs a wide amount of power in the timing residuals. This

does not happen with PE2. Evidently, PE2 is less e�etive in neutralizing the

e�ets of errors in the planetary ephemeris, as the resulting histogram mean

is lowered not more of the 61%. However, this is not unexpeted: PE2 only

adds in two extra degrees of freedom orresponding to the errors in Jupiter

and Saturn masses, and only searhes for these spei� orretions. It an

also been notied from the lower right panel of Figure 3.9 that PE2 does not

dramatially modify the angular ovariane shape of simulations S4, although

it redues its diagonal trend. The 5% and 1% FAPs redutions mirror what

disussed above. After PE1, they are diminished from 5.2e−31 and 6.3e−31 to

7.9e− 32 and 1.5e− 31. More than 99% of the A2
values from S2 exeed these

values, a result that resembles what obtained from simulations S0. After PE2,

they are dereased to 3.4e− 31 and 4.3e− 31, exeeded by, respetively, 98%

and 96.5% of the S2 values. It thus seems that PE1 is largely more e�etive

than PE2. Moreover, we emphasize that PE2 an only be used if the masses

of Jupiter and Saturn do dominate the errors in the ephemeris.
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Figure 3.7: A2
histograms obtained from the appliation of mitigation CLK1 (dashed

histograms) and CLK2 (rossed histograms) to simulations S2 (upper panel) and S3

(lower panel)
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Mitigation Simulation Mean Standard FAP FAP

deviation 5% 1%

CLK1 S3-CLK1 1.7e− 03 9.8e − 01 5.1e − 31 7.5e − 31

CLK2 S3-CLK2 1.4e− 03 3.9e − 01 2.3e − 31 3.1e − 31

PE1 S4-PE1 −3.4e− 01 8.1e − 01 7.9e − 32 1.5e − 31

PE2 S4-PE2 3.9e− 01 1.0e + 00 3.4e − 31 4.3e − 31

Table 3.4: Means, varianes and FAPs at 5 and 1% for the individual appliation of

lok and planetary ephemeris orretions on, respetively, simulations S3 and S4.

Means and varianes are normalized with respet the orresponding measurements

reported in Table 3.3.
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Figure 3.9: Averaged angular ovarianes obtained from the appliation of mitigation

CLK1 (left upper panel) and CLK2 (right upper panel) to simulations S3 and of

mitigation PE1 (left lower panel) and P2 (right lower panel) to simulations S4.
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3.3.4 Results from mitigated simulations: loss in sensitivity

In the previous Setion we showed the e�etiveness of the proposed mitigation

routines in diminishing the FAPs. However, to adopt a ertain mitigation

routine it is not su�ient to show that it works in the ontext for whih it was

designed. It is neessary to demonstrate that it does not a�et the results if

no signal to be orreted is present (as it happens, for example, in simulations

S2). In other words, it should leave unaltered the detetion ode sensistivity.

Here we show and disuss the results from tests aimed to evaluate the loss in

sensitivity introdued by these routines.

We perform two tests: 1) we apply the mitigation routines on simulations S2,

and we suessively run our detetion ode on the mitigated simulations, 2) we

apply the lok and planetary ephemeris mitigation routines on, respetively,

simulations S2+S3 and S2+S4 desribed in Setion 3.2.

In the ontext of these tests, instead of running our detetion ode one (as

we did until now) we iterate its appliation twie. The latest guess amplitude

that we give to the ode is the A2
mean from the �rst run. This is to obtain

a more stable onvergene in the �nal result.

In the ase of tests 1), only a GWB a�ets the timing residuals. If the

mitigation proedures work properly, no orretion should be aused by their

implementation. In Figures 3.10 and 3.11 we show the A2
distributions

obtained from the appliation of, respetively, CLK1 and CLK2 and of PE1 and

PE2 on simulations S2. Table 3.5 reports the histogram means and varianes

normalized with respet the orresponding S2 parameters from Table 3.3.

Figure 3.12 shows the average angular ovarianes for the appliation of the

four mitigation routines on S2.

It is evident that both of the lok mitigation routines do not bias the GWB

signal reovery, with CLK1 being the less a�eting of the two proedure as

mean and standard deviation of the histogram are unaltered with respet the

non-mitigated values. The �rst row of Figure 3.12 supports this onlusion,

showing that the shape of the Hellings & Downs urve is preserved after the

appliation of the mitigation proedure, although the mean angular ovarianes

gain a ertain degree of sattering with CLK2.

Conerning the planetary ephemeris orretions, Figure 3.11 and Table 3.5

indiate that PE1 absorbs the majority of the GWB signal from S2, dereasing

the original histogram mean at its 36%. We identi�ed two reasons for this.
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Figure 3.10: A2
histograms obtained from the appliation of mitigation CLK1 (red

histogram in the upper panel) and CLK2 (red histogram in the lower panel) to

simulations S2 (blak histograms)

First of all, the PE1 proedure adds in a large number of extra degrees of

freedom (we �t for three time series sampled every 100 days, adding in an

extra 156 parameters to the �t), thus it is more likely that the power indued

by a GWB an be partially absorbed. Seondly, both the signatures left by

an error in the SSB position and by a GWB are not purely, respetively,

dipolar and quadrupolar. This means that while �tting for the former e�et

via Equation 3.3, it is extremely probable that part of the signal introdued

by the latter would be assimilated. This is on�rmed by the lower left panel of

Figure 3.12. The signature left after the �tting losely resembles a quadrupole.

In ontrast, as already stated in Setion 3.3.3, the PE2 method only adds in

two extra degrees of freedom (the error in Jupiter and Saturn masses). The

lower panel of Figure 3.11 shows that, although PE2 does not ompletely

neutralize the planetary ephemeris signature when present (see Setion 3.3.3),

it leaves the parameters of the A2
histogram basially unaltered with respet

the non-mitigated simulations.

For tests 2), CLK1 and CLK2 are applied on simulations where, along with a

GWB, also an error in the lok is present (simulations S2+S3). PE1 and

PE2 are instead implemented on simulations where a GWB and an error

in the SSB position are present (simulations S2+S4). If our routines work

well, they should identify and orret for the respetive spurious orrelated
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Figure 3.11: A2
histograms obtained from the appliation of mitigation PE1 (green

histogram in the upper panel) and CLK2 (green histogram in the lower panel) to

simulations S2 (blak histograms)

Mitigation Simulation Mean Standard

deviation

CLK1 S2 1.0e + 00 1.0e+ 00

CLK2 S2 9.1e − 01 9.4e− 01

PE1 S2 3.6e − 01 5.6e− 01

PE2 S2 9.4e − 01 9.7e− 01

Table 3.5: Means and varianes for the individual appliation of lok and planetary

ephemeris orretions on simulations S2, normalized with respet the orresponding

measurements for the S2 results reported in Table 3.3.
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Figure 3.12: Averaged angular ovarianes obtained from the appliation of CLK1

(left upper panel), CLK2 (right upper panel), PE1 (left lower panel) and PE2 (right

lower panel) to simulations S2.
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noises only, leaving unbiased the underlying GWB signal. Eventually, the

parameters of the omputed A2
distributions should reprodue the mean and

variane of the histogram obtained from S2. In Figures 3.13 and 3.14 we show

the A2
histograms omputed from the implementation of, respetively, CLK1

and CLK2 on simulations S2+S3 and of PE1 and PE2 on simulations S2+S4.

Table 3.6 reports means and varianes of the A2
distributions normalized with

respet the parameters for the A2
histogram from S2, shown in Table 3.3.

Figure 3.15 shows the average angular ovarianes.

Although the implementation of CLK1 on S2+S3 produes an A2
distribution

mean that is only 2% di�erent with respet the non-mitigated S2, it is unable to

redue the value sattering. In fat, the variane is twie the original one. This

is beause, as already disussed in Setion 3.3.3, CLK1 does not diretly modify

the data. This is also evident from the very high mean shown by the average

angular ovarianes in the upper left panel of Figure 3.15. Thus, if CLK1 does

not alter the timing residuals it does not neutralize the noise orrelation in the

data either. In the ase of simulations S2+S3 we have two soures of orrelated

noise, and both of them ontribute in inreasing the A2
value sattering. This

spread remains pratially unaltered by the implementation of CLK1, while

the mean value is orretly reovered.

On the other hand, CLK2 is able to reover both the S2 histogram mean and

the orret variane redution, with only 10% of error. The good behavior

of CLK2 shows also in the upper right panel of Figure 3.15, that losely

reprodues the shape of the Hellings & Downs urve.

The implementation of the mitigation routines for a planetary ephemeris errors

gives similar results to tests 1). PE1 absorbs the semi-dipolar signal generated

by an error in the SSB position, but also a signi�ant fration of the GWB

power. This is shown learly by Figure 3.14 and Table 3.6, where the histogram

mean is newly redued of about 64%. The lower, left panel of Figure 3.15

on�rms this result displaying an average angular ovariane trend where the

dipolar ontribution to the Hellings & Downs urve is redued, basially leaving

the only quadrupolar shape. In ontrast, Figure 3.14 and Table 3.6 indiate

that PE2 allows a perfet reovery of the histogram mean and variane (the

latter is inremented of about 10%), while the lower right panel of Figure 3.15

shows that the Hellings & Downs shape is reovered as well.
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Figure 3.13: A2
histograms obtained from the appliation of mitigation CLK1 (red

histogram in the upper panel) and CLK2 (red histogram in the lower panel) to

simulations S2+S3. As a referene, A2
distribution from S2 is shown as well (blak

histograms).
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3.3. Results and disussion 111

Mitigation Simulation Mean Standard

deviation

CLK1 S2+S3 9.8e − 01 2.1e+ 00

CLK2 S2+S3 9.1e − 01 9.4e− 01

PE1 S2+S4 3.6e − 01 5.6e− 01

PE2 S2+S4 1.0e + 00 1.1e+ 00

Table 3.6: Means and varianes for the individual appliation of lok and planetary

ephemeris orretions on simulations S2+S3 and S2+S4, normalized with respet the

orresponding measurements for the S2 results reported in Table 3.3.
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Figure 3.15: Averaged angular ovarianes obtained from the appliation of CLK1

(left upper panel), CLK2 (right upper panel) on simulations S2+S3, and from the

appliation of PE1 (left lower panel) and PE2 (right lower panel) to simulations

S2+S4.
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3.4 Conlusions

Our study shows that even if the GWB detetion odes work properly in the

orret senario, it is important to onsider that other soures of orrelated

noise, suh as errors in lok onversions and planetary ephemeris, an indue

signi�ant measures of A2
if not orreted during the data proessing.

Without attempting orretions, the e�et with the major impat is given by

unertainties in the lok onversion. Figure 3.2 displays that it introdues

a onsiderable amount of power in the timing residuals. Figure 3.6 also

learly shows that it generates non-zero measures of A2
. The amount of power

introdued by an error in the planetary ephemeris is less a�eting with respet

the GWB searh.

We identify two mitigation methods to aomplish for errors in the lok

time standards (CLK1 and CLK2), and two to aomplish for errors in the

SSB position (PE1 and PE2). CLK1 works only on the angular ovarianes,

while CLK2 �ts the lok signal diretly from the time series, introduing

a non-negligible number of new degrees of freedom. CLK1 is more e�etive

in absorbing the lok signal when it is the only present signal, alongside

with white noise, but generally the two mitigation proedures give good and

omparable results in this senario. When tested for the sensitivity redution,

CLK1 results unable (beause of its method logi) to diminish the A2
histogram

variane if two orrelated signals are present. This does not happen with

CLK2, that preserves the detetion ode sensitivity. Nevertheless, we stress

that CLK2 is dependent to an arbitrary number of grid steps.

In the ase of errors in the planetary ephemeris, both the methods work on the

time series. PE1 �ts for the three omponents of the error vetor introdued

in Equation 3.3, PE2 only for the Jovian and Saturnian masses. When tested

on data sets where only the signal given by an inorret SSB position and

white noise are present, PE1 results more e�etive than PE2 thanks to the

large number of introdued degrees of freedom. On the other hand, this

introdues an evident bias in the sensitivity of our detetion ode. Thus,

PE1 it is obviously able to absorb the ephemeris signal, but it also inorretly

diminishes the GWB signal when present: it is, thus, unaeptable. PE2 is

not as well e�etive in absorbing the ephemeris signal, but leaves basially

unaltered the GWB signal when present.



Chapter 4

Milliseond pulsars pro�le

variability

Based on The European Pulsar Timing Array - Seular variability of

milliseond pulsar pro�les, C. Tiburzi et al., in preparation.

In this Chapter we explore the hypothesis of temporal stability of milliseond

pulsar pro�les. T his is an obvious topi to be assessed for the purposes

of Pulsar Timing Array experiments, espeially in view of sensitive, new-

generation telesopes suh as the Square Kilometer Array and the Five hundred

meter Aperture Spherial Telesope. In fat, these new instruments will greatly

redue the white noise impat on pulsar timing.

In Setion 4.1 we brie�y summarize the studies of pulse pro�le variability. In

Setions 4.2 and 4.3 we outline, respetively, the data set we use in our analysis

and the followed pipeline. In Setion 4.5 we desribe the results of the analysis.

In Setion 4.5.3 we summarize the analysis outomes.

We stress that this study is still ongoing, thus the results presented here are

to be onsidered preliminary.

4.1 Introdution

As introdued in Chapter 1, the Pulsar Timing Array (PTA) experiments

are built under the observational evidene that the targeted pulsars have a

very high rotational stability (Detweiler, 1979; Jenet et al., 2005). Milliseond

pulsars (MSPs) are extremely stable rotators (Matsakis et al., 1997), far more

than the non-reyled pulsars: for this reason, PTA researh teams monitor

only samples of MSPs that are seleted in order to obtain partiularly preise

113
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measurements of ToAs.

Besides the rotational stability, an additional underlying hypothesis in

olleting high quality ToAs is that the intrinsi integrated pro�le of a MSP

at a given frequeny is a non-evolving signature of the MSP itself. In the

ourse of the years, this fundamental assumption has been reviewed few times,

fousing in partiular on the short time sales. In fat, it is renown that the

individual pulses from the same pulsar undergo a wide range of variations,

in �ux, shape and phase position (Rankin, 1986). Usually, this variability

beomes negligible by integrating a reasonably large amount of single pulses

(Helfand et al., 1975). However, limits to the appliability of this rule have been

found disovering that, in many pulsars, the root-mean-square of the timing

residuals exeeds the preditions given by onsidering only the radiometer noise

(Cordes and Downs, 1985). This phenomenon, alled jitter or stohasti wide-

band impulse modulated self noise (SWIMS), is indeed generated by a non

su�ient, although generous, number of averaged single pulses to obtain the

�nal integrated pro�le, that thus maintains signi�ant shape di�erenes with

respet to the referene template with whih is ross-orrelated to generate a

ToA. The onset of pulsar jitter, that mirrors an intrinsi instability of pulsars,

depends on the soure brightness, telesope sensitivity, integration time and,

of ourse, on the pulsar tendeny in undergoing to shape variations. A few

ases of this kind of variability had been already reported, but only in the

very last years, under the impulse of the studies related to PTAs, areful

investigations have been undertaken. For instane, Osªowski et al. 2011 showed

that the timing preision of the brightest MSP known, J0437−4715, is limited

by the presene of SWIMS, and proposed a method, based on the prinipal

omponent analysis, to reover part of the lost timing preision. A follow up

of this work to inlude the polarized omponent of the observations (Osªowski

et al., 2013) brought the apabilities of this method to improve the timing

preision of MSP J0437−4715 up to the 40%. Shannon and Cordes 2012

shown that MSP J1713+0747 timing preision is as well a�eted by pulse

jitter, and that this phenomenon has a orrelation bandwidth. This was

remarked by Shannon et al. 2014, who searhed and found jitter evidenes

in 7 MSPs of the Parkes Pulsar Timing Array sample. Liu et al. 2012 stressed

the importane of assessing the jitter problem sine, with the ommissioning

of high-sensitivity telesopes like the Square Kilometer Array and the Five
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hundred meter Aperture Spherial Telesope, jitter will be the dominant

limitation to the ahievable timing preision. Another interesting, although

debated (Hotan et al., 2004a), evidene of short term instability in MSPs was

found by Kramer et al. 1999b in MSP J1022+1001. In the presented data set,

this pulsar morphology hanges in a way that is inompatible with the known

shape variations in pulsars, and they were laimed to be intrinsi variations

rather than due to instrumental errors or signal propagation e�ets.

In ontrast with the ase of short term variability, the literature about long

term variability of MSP pro�les is sare, as these soures have been sine

long onsidered very good loks over long timesales. Long term, intrinsi

variability has been deteted for long period pulsars: Lyne et al. 2010 found

an interesting orrelation between the variations in shape (parameterized by

the pulse pro�le width at di�erent altitudes or the e�etive width) shown by

a sample of long period pulsars taken from the sample of Hobbs et al. 2010

and the �utuations of the amount of spin period derivative. They on�rmed

the attribution of this behavior to magnetospheri variations. Another kind

of shape variation in mildly-reyled binary pulsars (i.e., pulsars spun up to

rotational periods of tens of milliseonds over a relatively short stage of mass

and angular momentum transfer from a mid/low mass ompanion star), is

given by the geodeti preession. This relativisti e�et indues a preession

of the misaligned rotational axis with respet to the total orbital momentum of

the binary, and hene a varying intersetion of the emission one with respet

to the observer line-of-sight, that results in a shape variation of the observed

pulsar pro�le. Weisberg et al. 1989 found evidenes for geodeti preession in

PSR B1913+16 (Harrison and Tademaru, 1975), lately on�rmed by Kramer

1998. Similar studies lead to reognize this phenomenon in PSR J0737-3039B

(Breton et al., 2008) and PSR B1534+12 (Fonsea et al., 2014).

Conerning solitary MSPs, Shao et al. 2013 analyzed the ases of MSP J1744-

1134 and J1939+2134. They put strong upper limits to any variation in

the pulse pro�les of these soures and, thanks to that, they were able to set

extremely preise onstraints on one of the parameters that haraterize the

preferred frame e�ets. This parameter is null in the ontext of the General

Relativity of Einstein, and non-null in alternative gravity theories, based on

the isotropi Lorenz violation in a partiular frame.

No more systemati studies on the long term stability of MSP pro�les, beside
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that of Shao et al. 2013, has been done to date. This an be explained, between

the other reasons, with the lak of suitable data sets. Sine the expeted

variations are (if any) very small, it is highly unlikely that they an be deteted

relying on data sets obtained by di�erent instruments (bakends or frontends,

or even telesopes), or, for example, from inoherently dedispersed data. In

fat, the quality of the latter data is signi�antly poorer than data taken,

over the same bandwidth, in a oherent dedispersion mode. Furthermore, it is

impossible for two frontends and/or bakends to reat in the same idential way

to an inoming signal. This means that, whenever a frontend and/or a bakend

hanges, a omparison between pulsar pro�les obtained before and after the

hange an be biased by not aountable instrumental e�ets. Moreover, the

time span of the data set must over several years in order to math the typial

data spans whih are expeted to be olleted by the PTAs.

The data sets used by Shao et al. 2013 are indeed the best available hoie

that answers to the aforementioned onstraints: it was obtained with the same

telesope, reeiver and bakend, and it is oherently dedispersed. Besides the

two aforementioned solitary pulsars, a larger sample of MSPs were observed as

well, overing in total about 14 years of homogeneously-olleted data: these

are the observations that we examine in this Chapter.

4.2 Data set

The data sets were obtained with a irularly polarized, L-band reeiver at

the 100-mt E�elsberg Radio Telesope (Germany) between 1997 and 2011,

that was replaed in 2009. The observing entral frequeny is 1410 MHz,

while the bandwidth, divided into 32 frequeny hannels, usually does not

exeed 50 MHz. Eah observation was folded in a oherent dedispersion

mode using the E�elsberg-Berkeley-Pulsar Proessor (EBPP) bakend, and

is not provided with automati alibration in polarization or �ux. The EBPP

bakend (Baker et al., 1997) is a 4-bit devie, shematially made of 4 boards

that independently proess a 8-hannel wide sub-band of the inoming signal.

The proessing inludes an automati attenuation proedure (alled levelling)

based on the system temperature. Only two polarization hannels are arhived,

orresponding to the self produts of the voltages, along with a limited amount

of information related to the observation itself.

The data are stored in �les (EBPP-format arhives) and ontain an individual
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Figure 4.1: Frequeny versus phase diagram of one of the PSR J1713+0747

observations. The �rst and the last frequeny hannels of the bandwidth have been

manually removed. The plot shows the lear di�erene between the o�-pulse noise

level in the upper sub-band with respet to the lowest frequeny sub-bands.

integration in time with full frequeny and polarization resolution.

The original binning, set at the observing epoh, depends on the spei� soure,

and varies from 1090 to 1990 phase bins.

An aurate investigation of the data unveil a potential problem, aused by

interferenes and an inorret levelling, that a�ets the highest frequeny sub-

band. The o� pulse noise of this sub-band, entered at 1431 MHz, is almost

always systematially di�erent with respet to the other three sub-bands. An

example of this behavior is shown in Figure 4.1. The e�ets of this sub-band

presene are still not ompletely assessed, although at least one of them is

desribed in Setion 4.5.2. Anyway, we opted for removing this sub-band in

all the available observations.
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4.3 Data Analysis

We analyze 10 MSPs: PSR J0613−0200, PSR J0751+1807, PSR J1012+5307,

PSR J1640+2224, PSR J1643−1224, PSR J1713+0747, PSR J1744−1134,
PSR J1857+0943, PSR J1939+2134, PSR J2145−0750. We redue the data

using the PSRCHIVE (Hotan et al., 2004b) and the TEMPO2 (Edwards et al.,

2006) software pakages.

For eah pulsar we proeed as follows.

We set the phase resolution of all the observations to 1024 bins. For

eah arhive with full resolution in frequeny and polarization, we apply

an algorithm for radio frequeny interferene (RFI) exision based on the

omparison between the bandpass and a median smoothing of the bandpass

itself omputed on 10 frequeny hannels. The tolerane is set to four standard

deviations. We then apply a seond algorithm to exise the signal in those

phase bins where the amplitude deviate for more than four standard deviations

with respet the loal mean. We visually inspet every arhive and, if neessary,

we omplete the data leaning, by zapping the frequeny hannels a�eted by

RFIs. At this stage we also rejet all the faint or damaged arhives (typially in

the order of 10-20 for pulsar). We then install the latest ephemeris omputed

by the EPTA ollaboration and shared among its members

1

in eah arhive

of the data set, and we ombine together all the arhives orresponding to an

individual, original observations. We �x the entral frequeny to the nominal,

entral observing frequeny (1410 MHz) and dedisperse every observation

before averaging in time, frequeny and polarization. We hek the goodness

of the installed ephemeris arrying on the timing analysis of the residuals using

the TEMPO2 software pakage. During this step, we rejet all the observations

whose timing residuals are more than one standard deviation away from the

mean. This step is usually repeated twie.

The subsequent analyses are usually performed on two series of pulse pro�les

per pulsar, obtained by binning all the available observations taken in a six

month interval and, independently, in a one year interval (see Figure 4.2).

For the brightest pulsars in our sample (PSRs J1713+0747, J1744−1134,
J1939+2134, J2145−0750), we also use a third series of pulse pro�les,

1

http://www.epta.eu.org/wiki/doku.php
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Figure 4.2: Temporal overage of the EBPP observations for PSR J0613−0200 at

1410 MHz, and partition of the data span to form the average pro�les. The blak dots

are the epohs of the observed data, the red and the green lines indiate respetively

the 1 year and 6 month partitions.

orresponding to the individual observations.

We then selet the �rst and last averaged (over 6 months or 1 year) observation

of eah series, and we ompare the S/N of the pro�les to selet the brightest

of the two as a referene pro�le (see Figure 4.3). All the observations that

are averaged to obtain the referene pro�le are exluded from the subsequent

analysis.

We then ross-orrelate the observations to the referene pro�le to estimate

both a sale fator and an o�set that are subsequently applied to normalize

the observations.

One obtained the normalized pulse pro�les for the available data series (1-

year and 6-month averaged and, oasionally, the individual observations), we

searh for seular variations in the pulse pro�les.

We mainly study the temporal trend of the pulse pro�le widths at di�erent

perentages of the main peak height, as well as the separation between the

edges of two di�erent peaks (if any), by adapting a method presented by

Ferdman et al. 2013. Let us assume that we are measuring the width of a

pulse pro�le omponent c at a perentage p of the main peak height, H .
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Figure 4.3: The hosen referene template for PSR J0613−0200, formed averaging

the observations within the �rst year of the data span.

� We ompute a guess for the phase longitudes at whih the leading and

trailing rossings of c at p perent ofH our, using an high S/N template.

For this, we �rst selet the range of phase longitudes that ontains the

main peak of the pro�le (see Figure 4.4, panel A), and we �t the hosen

region with a �fth order polynomial (see same Figure, panel B), obtaining

an estimate of the main peak height, hfit. By interseting the horizontal

line f(x) = hfit×p/100 with c, we obtain the leading and trailing guessed
values (see same Figure, panel C);

� we then selet a shape-dependent range of phase longitudes around these

guessed values, rleading and rtrailing, and we keep them �xed during the

following steps of the analysis (see same Figure, panel D);

We then use a Monte Carlo method with 10,000 realizations, eah of them

implying the following steps, to obtain the width of c and its unertainty:

� we vary the amplitudes of the phase bins within the main peak region,

rleading and rtrailing by adding white noise whose amplitude equalizes the

o� pulse amplitude standard deviation (see Figure 4.5, panel A);

� we then �t the peak region with a �fth order polynomial in order to obtain

the height, and, independently, the rleading and rtrailing regions with a third
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Figure 4.4: Analysis of the pulse pro�le width for the leading peak of the �rst 1-year

averaged integrated pro�le of PSR J0613−0200. For eah panel, the pulse pro�le

is shown in blak. Panel A, in green is shown the main peak region. Panel B,

in red is shown the main peak region �tted with a �fth order polynomial. Panel

C, the horizontal green line uts the pulse pro�le at a queried altitude (in this

ase, 20% of the main peak height), the green dots are the omputed leading and

trailing intersetion. Panel D, the green dots are the omputed leading and trailing

intersetion, in red are shown the shape-dependent seletions of longitudes around

the guesses.
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Figure 4.5: Analysis of the pulse pro�le width for the leading peak of the �rst 1-year

averaged integrated pro�le of PSR J0613−0200. For eah panel, the pulse pro�le

is shown in blak. Panel A, in green are shown the main peak phase bins and

the leading and trailing regions, whose amplitude are varied by adding white noise.

Panel B, in red are shown the �ts for the �fth (on the peak region) and third (on the

edges) order polynomials. Panel C, the horizontal green line uts the pulse pro�le

at a queried altitude (in this ase, 20% of the main peak height), the green dots are

the omputed leading and trailing intersetions.

order polynomial (see the same Figure,panel B);

� by omputing the intersetion between an horizontal line at the queried

perentage of the �tted main peak height and the two omputed

polynomial, we �nally obtain the width value (see the same Figure, panel

C).

Internal steps of sanity heks and rejetion of orrupted values are performed

in every yle of the Monte Carlo (for example, to disard negative widths or

failed polynomial �ts). In addition, the bulk of the widths olleted at the end

of the Monte Carlo is trimmed of its highest and lowest values (70 values per

tail in the distribution are deleted).

The high number of obtained width values allows to produe histograms that

are �t with a Gaussian funtion. The error bar for eah bin of the histogram

is assumed to be Poissonian (i.e.,

√
N , where N is the number of values per

bin) if the number of elements per bin exeeds 30. A orretion is applied

to the error bar if the number of elements per bin is lower than 30 (i.e.,

1+
√
N + 0.75 aording to Gehrels 1986). On the basis of a diret inspetion

of a large sample of resulting �ts, we onlude that the obtained histogram
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Figure 4.6: Upper panel, histogram of the widths from the leading peak of

PSR J0613−0200 at 20% of the main peak height for the third 1-year pulse pro�le.

The blak ontour shows the width histogram. In red and green are displayed,

respetively, its Gaussian �t and the omputed unertainty. Lower panel, temporal

evolution of the widths for the leading peak of PSR J0613−0200 at 20% of the main

peak height for the 1-year pulse pro�le.

haraterized by a Gaussian �t with redued χ2
less than 3 an be aepted. If

the redued χ2
exeeds 3, the quality of the �t is prone to a visual inspetion

for a possible rejetion. From the Gaussian �t of the width histogram a value

of the omponent width and its unertainty �nally are released. The entral

width value orresponds to the peak of the Gaussian �t, while the unertainty

is omputed in order to inlude at least the 68.2% of the width values from the

Monte Carlo around the peak of the Gaussian (see Figure 4.6, upper panel).

Repeating the aforementioned steps for the same omponent c in all the pulse

pro�les representative of eah epoh, we obtain a map of the temporal evolution

of the widths for c (see same Figure, bottom panel). A follow-up analysis is

performed to evaluate the possible presene of a trend in time that di�ers from

a non-evolving width. We �rst �t the time series of the obtained widths for

omponent c with a linear polynomial, using 2σ error bars on the widths to be
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more onservative. From this, we obtain a slope value a, its error σa and the

redued χ2
of the �t. We group the results aording to:

� Flat trend if (a− 2σa) < 0 < (a + 2σa) and χ
2 < 1.5;

� Satter plot if (a− 2σa) < 0 < (a+ 2σa) and χ
2 > 1.5;

� Other trend if (a− 2σa) > 0 or (a+ 2σa) < 0.

Figure 4.7 reports an example for eah lassi�ed trend. Every olumn of the

Figure is dediated to a pro�le ut of one of the examined pulsars: a ut at

20% of the main peak height of the leading omponent of PSR J0613−0200
yields a �at trend in time, a ut at 50% of the main peak height of the leading

omponent of PSR J2145−0750 leading omponent yields a satter plot, a ut

at 30% of the peak height of PSR J1713+0747 shows a linear trend (i.e., other

trend). The pro�le uts are shown in the bottom panels. Upper panels display

the temporal trends of the widths. The shaded regions are inluded between

two lines haraterized by the same o�set of the best linear �t, and slopes

equal to the best �t slope, respetively inreased and dereased of twie the �t

unertainty σa. The entral panels show the trend in the residual of the �t.

4.4 Comparison with previous results

Shao et al. 2013 performed an analysis of the temporal trends of the pro�le

widths at various heights for PSR J1744−1134 and PSR J1939+2134. Their

data set omprises the same observations used in this Chapter. As both of the

mentioned soures are exeptionally bright, Shao et al. 2013 diretly worked

only on the individual observations (i.e., without analyzing averaged pro�les

with high S/N). Moreover, they added to the data sets a seond series of data,

as well obtained with the E�elsberg radio telesope at L-band, and proessed

with the EBPP bakend. However, these data were olleted after 2009, when

the original 21-m reeiver was substituted. The entral frequeny of the new

reeiver hanged as well, from 1410 MHz to 1360 MHz. In this work, we

intentionally deide not to inlude the data at di�erent frequeny to preserve

the uniformity in the data set and avoid the risk of deteting pro�le variations

due to the natural frequeny evolution of the pulsar pro�les (Liu et al., 2014).

In fat, Shao et al. 2013 inluded the 1360 MHz data after �tting for a width

jump between the two series of data.



4.4. Comparison with previous results 125

0.120

0.135

0.150

0.165

W
id

th
[m

s]

J0613-0200

−1000 0 1000

MJD - 53210.71

−0.02
0.00
0.02

R
es

id
ua

ls
[m

s]

0.0 0.2 0.4 0.6 0.8 1.0
Phase

0.0

0.5

1.0

1.5

2.0

2.5

F
lu

x
[a

.u
.]

0.345

0.360

0.375

0.390

W
id

th
[m

s]

J2145–0750

−1000 0 1000

MJD - 53183.96

−0.04

−0.02

0.00

R
es

id
ua

ls
[m

s]

0.0 0.2 0.4 0.6 0.8 1.0
Phase

0.0

1.5

3.0

4.5

F
lu

x
[a

.u
.]

0.144

0.152

0.160

0.168

0.176

W
id

th
[m

s]

J1713+0747

−2000−1000 0 1000 2000

MJD - 53053.65

0.000

0.008

R
es

id
ua

ls
[m

s]

0.0 0.2 0.4 0.6 0.8 1.0
Phase

0.0

2.5

5.0

7.5

10.0

F
lu

x
[a

.u
.]

Figure 4.7: Examples of eah lass of results. Upper panels, trend of the widths for

one of the inspeted pro�le uts performed on three hosen pulsars, whose names

are reported at the panel top, displayed with 2σ error bars. The shaded regions are

limited by lines haraterized by the same o�set resulting from the best linear �t

performed on the widths, and by slopes that are, respetively, 2σa larger and smaller

with respet to the slope of the best linear �t. Central panels, residuals obtained

from the subtration of the best linear �t from the widths. A dotted, blak line is

drawn at y = 0. Lower panels, the pulsar pro�le is shown in blak. The pro�le

omponent for whih the width analysis is shown in the panels above is highlighted

in red. The altitude of the pro�le ut is indiated by the green line.
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Pulsar Peak and Soure Average Width time Claimed

perentage width derivative trend

[deg℄ [mdeg/yr℄

J1744−1134 I, 50% Shao et al. 2013 12.53(3) 1.3(72) �at trend

this work 12.30(3) 2(9) �at trend

J1939+2134 I, 50% Shao et al. 2013 8.281(9) −3.2(34) �at trend

this work 8.325(7) −5(3) �at trend

J1939+2134 II, its 50% Shao et al. 2013 10.245(17) 3.5(66) �at trend

this work 10.20(17) −1(7) �at trend

Table 4.1: Comparison between the results obtained by Shao et al. 2013 and our

pipeline. The olumns report, respetively: the soure name, the peak and height

perentage of the performed pro�le ut, the work referene, the averaged width, the

slope obtained from a linear �t of the results (along with a 1σ error bar value), a

qualitative evaluation of the trend.

Shao et al. 2013 omputed the width values for PSR J1744−1134 via �tting

104 realization of its main omponent, obtained by adding white noise to the

phase bin amplitudes, with a sum of three funtions (one Gaussian and two

Landau funtions). From the �t they obtained 104 width values, that they

olleted in an histogram from whih they derived a �nal width value, along

with its unertainty. The unertainty was then resaled with the redued χ2

of the �t.

PSR J1939+2134 was di�erently investigated. The width values were obtained

by �tting a parabola on eah of the three, easily reognizable omponents of the

pulse pro�le. The unertainties on the widths of the main pulse and interpulse

of this pulsar pro�le are ahieved via a propagation of the errors of the parabola

parameters.

PSR J1744−1134 was analyzed by Shao et al. 2013 performing a pulse

pro�le ut at 50% of the main peak height, while PSR J1939+2134 was

analyzed searhing for the full-width-half-maximum of the main peak and of

the interpulse, the peak relative separations, and the internal and external

separations of the two omponents. We repeat the analysis of Shao et al. 2013

using the method presented in Setion 4.3 to hek for the ompatibility among

the proedures.

Table 4.1 reports our results and a omparison with the values reovered from

Table 1 of Shao et al. 2013. Figures 4.8 and 4.9 visually display the pulse

pro�les along with the altitude at whih the ut is performed (upper panels)

and the overlap between the results of Shao et al. 2013 (in green, private
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Figure 4.8: Upper panel, the pulse pro�le of PSR J1744−1134 is shown in blak. The
pro�le omponent for whih the width analysis is performed is highlighted in red.

The altitude of the pro�le ut is indiated by the green line. Lower panel, overlap

of the widths obtained from the analysis performed on the omponent shown in the

upper panel following the method desribed in Setion 4.3 (blak rosses and error

bars) and the results obtained by Shao et al. 2013 (green dots and error bars, private

ommuniation by L. Shao).

ommuniation by L. Shao) and the ones obtained by us following the method

desribed in Setion 4.3, applied on the individual observations of this pulsar

(in blak). It is possible to state that the slopes of a linear �t are always well in

agreement. Although a visual inspetion of the widths in the bottom panels of

the aforementioned Figures suggests a good math between the two pipelines,

we systematially observe an absolute o�set, inompatible with the error bar

sizes, between the averaged widths omputed by Shao et al. 2013 and by us.

This an be easily attributed to the di�erent proedures used to alulate the

pro�le widths.

4.5 Results

The altitudes at whih the di�erent pro�le uts were performed for eah pulsar

are shown in Figure 4.10.

Not all the available omponents displayed by the soures in our sample are

analyzed, depending on the pulse pro�le shape and the overall S/N. The label of
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Figure 4.9: Upper panels, the pulse pro�le of PSR J1939+2134 is shown in blak.

The pro�le omponent for whih the width analysis is performed (leading omponent

in the �rst Figure and trailing omponent in the seond one) is highlighted in red.

The altitude of the pro�le ut is indiated by the green line. Lower panel, overlap

of the widths obtained from the analysis performed on the omponent shown in the

upper panel following the method desribed in Setion 4.3 (blak rosses and error

bars) and the results obtained by Shao et al. 2013 (green dots and error bars, private

ommuniation by L. Shao).
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Figure 4.10: In blak are presented the pulse pro�les of the soures in our sample,

along with the altitudes at whih the pro�le uts were performed, displayed in green.

Peak labeling is indiated in red.
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Figure 4.10: (ontinued)
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the analyzed peaks per eah pulsar, and the results from the analysis presented

in Setion 4.3 and performed on the 1-year and 6-month averaged pro�les

are reported in Table 4.2. Note that the width unertainties were taken at

2σ to perform the linear �t. In Table 4.3 we report the results from the

analyses performed on the individual observations for the brightest pulsars,

while in Figure 4.11 we show how the results obtained from the individual

observations niely math with what omputed for the high S/N averaged

pro�les. This is a on�rmation that the high S/N pro�les simply highlighted

the underlying behavior of the individual observations, and supports the usage

of the 1-year and 6-month series as a valid alternative data sets for those pulsars

whose individual observations are too weak to apply the pipeline desribed in

Setion 4.3.

In the following part we desribe in greater details the individual pulsars of

the sample, with the exeption of PSR J1713+0747 (see Setion 4.5.2).

4.5.1 Pulsars in the sample

PSR J0613−0200, this soure is haraterized by a omplex shape and a low

S/N in L-band. Our analysis shows that its leading and trailing peaks have

non-evolving widths in time (see Figure 4.12), while the entral and brighter

omponent displays a dereasing, linear temporal trend. At an altitude

equivalent to the 30% of the main peak height, the width trend turns �at

exluding, respetively, the �rst 3 and 4 points from the 1-year and 6-month

pro�les. At 40%, this happens by only exluding the �rst point from both the

series (see Figure 4.13). In this last ase, both the points are what now on we

will all outliers. We de�ne as outliers those points whose unique presene in

the omputed trends indues a deviation from a non-evolving behavior;

PSR J0751+1807, the pulse pro�le of this soure is given by two peaks

separated by an emission bridge. We only examine the 6-month pro�les, as

the 1-year series enumerates a sare number of observations. Conerning the

6-month series, the temporal trends for the width of peak II and the separation

between omponents I and II show a linear, dereasing trend with time. These

trends disappear by eliminating the third point of the data set, that is thus

identi�ed as an outlier (see Figure 4.14). We do notie that the main peak of
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Pulsar Peak Perentage χ2

/dof χ2

Slope Trend

signi�ane range evaluation

J0613−0200 I 20 2.172/8 9.8e-01 -1.44e-05;7.50e-07 �at trend

2.445/15 1.0e+00 -1.30e-05;1.95e-06 �at trend

J0613−0200 II 30 2.313/8 9.7e-01 -7.82e-06;-1.06e-06 linear trend

4.143/15 1.0e+00 -7.67e-06;-1.07e-06 linear trend

J0613−0200 II 40 3.957/8 8.6e-01 -6.75e-06;-1.90e-07 linear trend

4.444/15 1.0e+00 -7.26e-06;-1.80e-07 linear trend

J0613−0200 III 30 1.266/6 9.7e-01 -1.01e-05;1.35e-06 �at trend

3.438/14 1.0e+00 -1.12e-05;1.06e-06 �at trend

J0613−0200 II+III 30 2.857/7 9.0e-01 -8.32e-06;1.16e-06 �at trend

7.755/14 9.0e-01 -8.11e-06;8.90e-07 �at trend

J0751+1807 I 30

4.035/7 7.8e-01 -3.95e-05;3.40e-07 �at trend

J0751+1807 II 30

4.549/7 7.1e-01 -1.93e-05;-2.70e-07 linear trend

J0751+1807 I+II 30

3.191/7 8.7e-01 -3.58e-05;-4.00e-07 linear trend

J1012+5307 I+II 25 4.314/8 8.3e-01 -4.72e-06;3.60e-07 �at trend

4.552/16 1.0e+00 -4.64e-06;2.40e-07 �at trend

J1012+5307 II+IV 25 1.569/8 9.9e-01 -5.96e-06;2.52e-06 �at trend

2.910/15 1.0e+00 -5.01e-06;2.35e-06 �at trend

J1012+5307 II+VI 25 0.845/8 1.0e+00 -1.85e-06;6.91e-06 �at trend

2.858/14 1.0e+00 -1.37e-06;6.95e-06 �at trend

J1012+5307 IV+V+VI 25 0.792/8 1.0e+00 1.00e-08;8.25e-06 linear trend

2.560/16 1.0e+00 1.20e-07;7.52e-06 linear trend

J1012+5307 V+VI 60 2.885/8 9.4e-01 -2.65e-06;5.11e-06 �at trend

4.412/16 1.0e+00 -2.55e-06;4.17e-06 �at trend

Table 4.2: Results from the analysis desribed in Setion 4.3 on the 1-year and 6-month averaged pulse pro�les of all the pulsars in our

sample. The olumns report, respetively: MSP name, the labeling of the studied peak, the main peak height perentage at whih we

omputed the studied pro�le width, the χ2

versus degrees of freedom ratio for a linear �t, its signi�ane, the limits (upper and lower

within 2 σ) of the omputed linear slope, a qualitative evaluation of the width temporal trend as introdued in Setion 4.3. For eah

examined omponent are displayed two rows, referred respetively to the results obtained using the 1-year and the 6-months averaged

pulse pro�les.
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J1640+2224 I 30 1.026/5 9.6e-01 -6.71e-06;1.70e-07 �at trend

2.676/12 1.0e+00 -6.04e-06;6.80e-07 �at trend

J1643−1224 I 40 3.535/7 8.3e-01 -1.82e-05;-3.00e-06 linear trend

7.094/14 9.3e-01 -1.79e-05;-2.90e-06 linear trend

J1643−1224 I 60 1.724/7 9.7e-01 -1.15e-05;1.42e-06 �at trend

4.132/14 9.9e-01 -1.12e-05;1.79e-06 �at trend

J1713+0747 I 30 11.140/9 2.7e-01 -8.56e-06;-6.18e-06 linear trend

22.768/16 1.2e-01 -8.20e-06;-5.82e-06 linear trend

J1713+0747 I 50 17.764/9 3.8e-02 -3.87e-06;-2.89e-06 linear trend

33.658/16 6.0e-03 -3.72e-06;-2.76e-06 linear trend

J1713+0747 I 70 5.427/9 8.0e-01 -2.05e-06;-1.23e-06 linear trend

13.149/16 6.6e-01 -1.96e-06;-1.16e-06 linear trend

J1744−1134 I 30 13.197/7 6.7e-02 -2.44e-07;1.02e-06 satter plot

16.092/13 2.4e-01 -2.74e-07;9.58e-07 �at trend

J1744−1134 I 50 6.951/7 4.3e-01 -5.80e-07;8.12e-07 �at trend

6.876/13 9.1e-01 -5.94e-07;8.14e-07 �at trend

J1744−1134 I 70 6.215/7 5.1e-01 -1.79e-06;9.39e-07 �at trend

8.688/13 8.0e-01 -1.62e-06;9.95e-07 �at trend

J1857+0943 III+IV 30 2.145/7 9.5e-01 -1.14e-05;5.27e-06 �at trend

2.660/10 9.9e-01 -9.96e-06;4.44e-06 �at trend

J1857+0943 III+IV 50 1.211/6 9.8e-01 -4.07e-06;5.09e-06 �at trend

0.875/11 1.0e+00 -4.50e-06;3.66e-06 �at trend

J1939+2134 I 50 8.514/8 3.8e-01 -1.17e-07;3.76e-08 �at trend

13.056/18 7.9e-01 -1.18e-07;3.30e-08 �at trend

J1939+2134 II 20 2.209/8 9.7e-01 -6.30e-08;3.65e-07 �at trend

6.426/18 9.9e-01 -5.30e-08;3.67e-07 �at trend

J1939+2134 I+II 20 4.641/8 8.0e-01 -2.32e-07;1.23e-07 �at trend

6.595/18 9.9e-01 -2.25e-07;1.20e-07 �at trend

J2145−0750 I 50 23.056/7 1.7e-03 -2.57e-06;4.55e-06 satter plot

29.803/14 8.1e-03 -3.27e-06;3.01e-06 satter plot

J2145−0750 I+II 15 11.045/8 2.0e-01 -4.66e-06;9.82e-06 �at trend

12.708/14 5.5e-01 -5.78e-06;6.86e-06 �at trend

Table 4.2: (ontinued)
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J1713+0747 I 30 96.497/98 5.2e-01 -8.78e-06;-7.08e-06 linear trend

J1713+0747 I 50 168.848/110 2.6e-04 -3.97e-06;-3.37e-06 linear trend

J1713+0747 I 70 68.502/114 1.0e+00 -2.10e-06;-1.60e-06 linear trend

J1744−1134 I 50 21.155/65 1.0e+00 -4.87e-07;6.25e-07 �at trend

J1939+2134 I 50 72.962/172 1.0e+00 -1.25e-07;7.10e-09 �at trend

J1939+2134 II 50 38.027/172 1.0e+00 -1.87e-07;1.49e-07 �at trend

J2145−0750 I 50 100.872/79 4.9e-02 -3.02e-06;1.50e-06 �at trend

J2145−0750 I+II 15 68.644/78 7.7e-01 -6.52e-06;2.92e-06 �at trend

Table 4.3: Results from the analysis desribed in Setion 4.3 on the individual observations of the brightest pulsars in our sample. The

olumns report, respetively: MSP name, the labeling of the studied peak, the main peak height perentage at whih we omputed the

studied pro�le width, the χ2

versus degrees of freedom ratio for a linear �t, its signi�ane, the limits (upper and lower within 2 σ) of the

omputed linear slope, a qualitative evaluation of the width temporal trend as introdued in Setion 4.3.
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Figure 4.11: Overlap between the results of the width analysis performed on the

1-year (in blak), 6-month (in red) and individual observation (in green) series for

the pulsars where the latter data set is reasonably usable: PSR J1713+0747 (upper

row, left panel) at 30% of the peak height, PSR J1744-1134 (upper row, right panel)

at 50% of the peak height, PSR J1939+2134 (lower row, left panel) at 50% of the

main peak height, leading omponent, and PSR J2145-0750 (lower row, right panel)

at 50% of the main peak height, leading omponent.
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Figure 4.12: Samples of width trends haraterized by a non-evolving behavior for

PSR J0613−0200. Following a lokwise orientation, the plots are obtained for,

respetively, omponent I at 20% of the main peak height, omponent III at 30%

of the main peak height and the separation between the leading and the trailing

edges of omponents II and III for the 6-month pro�les. Upper panels, the observed

widths and 2σ are displayed in blak. The limits of the olored regions are lines

haraterized by the same o�set of the best linear �t performed on the widths, and

by slopes that over a 2σ unertainty range around the best �t value. The shaded

areas over a 2σ unertainty region assoiated with the �t of the observed widths

with an horizontal line (i.e., no time evolution in the data). Lower panels, residuals

obtained by subtrating the best linear �t from the observed widths. A dotted, blak

line is drawn at y = 0.
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Figure 4.13: Upper row, omparison of the time-evolution for the width of omponent

II of PSR J0613−0200 in the 6-month pro�les, ut at 30% of the peak height,

inluding (left panels) and exluding (right panels) the �rst 4 points of the series.

Lower row, omparison of the time-evolution for the width of omponent II of

PSR J0613−0200 in the 6-month pro�les, ut at 40% of the peak height, inluding

(left panels) and exluding (right panels) the �rst point of the series. See the aption

of Figure 4.12 for explanation of the labels, markers and highlighted areas.
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Figure 4.14: Upper row, omparison of the time-evolution for the width of omponent

II of PSR J0751+1807 in the 6-month pro�les, ut at 30% of the peak height,

inluding (left panels) and exluding (right panels) the �rst 4 points of the series.

Lower row, omparison of the time-evolution for the separation between the leading

and the trailing edges of omponents I and II of PSR J0751+1807 in the 6-month

pro�les, ut at 40% of the peak height, inluding (left panels) and exluding (right

panels) the �rst point of the series. See the aption of Figure 4.12 for explanation of

the labels, markers and highlighted areas.

the averaged pro�le orresponding to the outlier is systematially weaker of

the same feature in all the remaining pro�les, as shown in Figure 4.15;

PSR J1012+5307, the pulse pro�le of this soure is extremely noisy and

omplex, haraterized by at least 6 omponents. We perform several pro�le

uts: we analyze the separation between the leading edge of peak I and the

trailing edge of peak II (I+II), the width of the omponent that inludes peaks

IV, V and VI (IV+V+VI), and the width of the omponent that inludes peaks

V and VI (V+VI). We test as well the separation between the trailing edge of

peak II and the leading and trailing edges of, respetively, peaks IV (II+IV)

and VI (II+VI). No deviations from a �at trend are deteted in any of these
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Figure 4.15: Eah panel shows the di�erene (in blak, three times magni�ed)

between the third pulse pro�le in the 6-month series (in red, reversed the for sake of

larity) of PSR J0751+1807 and the remaining pro�les of the series (in blue) relative

to indiated MJDs.
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J1012+5307, 6-month profiles, peak II+VI at 25 percent
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J1012+5307, 6-month profiles, peak V+VI at 60 percent
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Figure 4.16: Samples of width trends haraterized by a non-evolving behavior for

PSR J1012+5307. Following a lokwise orientation, the plots are obtained for,

respetively, the separation between the leading and the trailing edges of omponents

I and II, II and IV, II and VI at 25% of the main peak height and of omponents V

and VI at 60% of the main peak height for the 6-month pro�les. See the aption of

Figure 4.12 for explanation of the labels, markers and highlighted areas.

uts (see Figure 4.16), exept for a linear, inreasing trend for IV+V+VI. This

appears to be in ontrast with the non-evolving trends shown by the other

pro�le uts that inlude one of the peaks present in the ombination (suh

as II+IV or II+VI). However, to ompute the width trends for II+IV and

II+VI we use a longitude range to �t the omponent edges that is smaller with

respet the one for IV+V+VI. This is due to peak II, that is weaker than IV

and VI, and it implies an inreased unertainty for the omputed widths that

an mask possible trends. The width trend for IV+V+VI turns �at exluding

from the analysis the last point of the 1-year averaged series, identifying it as

an outlier, and the two last points of the 6-month series (see Figure 4.17);

PSR J1640+2224 : the weakness of this soure and its steep edges allows us
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Figure 4.17: Upper row, omparison of the time-evolution for the widths of

omponent IV+V+VI of PSR J1012+5307 in the 1-year pro�les, ut at 25% of the

peak height, inluding (left panels) and exluding (right panels) the last point of

the series. Lower row, omparison of the time-evolution for the widths of omponent

IV+V+VI of PSR J1012+5307 in the 6-month pro�les, ut at 25% of the peak height,

inluding (left panels) and exluding (right panels) the last two points of the series.

See the aption of Figure 4.12 for explanation of the labels, markers and highlighted

areas.
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Figure 4.18: Upper row, omparison of the time-evolution for the widths of

PSR J1643−1224 in the 1-year pro�les, ut at 40% of the peak height, inluding

(left panels) and exluding (right panels) the seond point of the series. Lower row,

the same as above in the 6-month pro�les, inluding (left panels) and exluding (right

panels) the seond point of the series. See the aption of Figure 4.12 for explanation

of the labels, markers and highlighted areas.

to satisfatorily perform only one pro�le ut, at 30% of the main peak height.

Both in the 1-year and 6-month averaged pro�les no signs of evolving trend

have been deteted;

PSR J1643−1224, we analyze the simple pro�le of this soure at two altitudes,

orresponding to the 40 and 60% of the peak height. Among these, the pro�le

ut performed at 40% yields a linear, dereasing trend both in the 1-year and

6-month averaged pro�les. The trend disappears eliminating from the analysis

the seond point in the 1-year series, identifying it as an outlier, and the third

and fourth points in the 6-month series (see Figure 4.18);

PSR J1744−1134 : this is one of the two soures that are in ommon with
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Figure 4.19: Comparison of the time-evolution for the widths of PSR J1744−1134
in the 1-year pro�les, ut at 30% of the peak height, inluding (left panel) and

exluding (right panel) the third point of the series. See the aption of Figure 4.12

for explanation of the labels, markers and highlighted areas.

Shao et al. 2013. The analysis of the pro�le width at 50% of the peak

height performed on the individual observations, 6-month and 1-year averaged

pro�les, as well as at 70% on the 6-month and 1-year pro�les and at 30% on

the 6-month pro�les reports a �at trend. However, the analysis of the width

evolution at 30% of the peak height on the 1-year pro�le yields a statistially

unaeptable linear �t. By exluding the third point of the 1-year series, a

ompletely �at behavior is reovered (see Figure 4.19), identifying it as an

outlier;

PSR J1857+0943 : this pulsar has a omplex and noisy pulse pro�le, made of

two omposite omponents. We are only able to analyze the trailing omponent

at two heights (at 30 and 50% of the main peak). For both of them, for the

1-year and 6-months averaged pro�les, the widths do not evolve with time;

PSR J1939+2134 : this is the seond pulsar that is in ommon with Shao

et al. 2013. At all the examined heights, the widths of the soure pro�les are

ompatible with a non-evolving trend in time. However, it is worth noting

that we initially tested an additional ut of omponent I, at 20% of the main

peak height. Its temporal dependeny results in a dereasing linear trend with

a redued χ2
of, respetively, 0.8, 0.7 and 0.4 for the 1-year, the 6-month

averaged pro�les and the individual observations. We omit this result from

Tables 4.2 and 4.3 beause we dedue that is is aused by an artifat of the data
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Figure 4.20: Temporal evolution of the digitalization artifat present in the used

observations of PSR J1939+2134.

due to a digitalization issue of the signal (also shared with PSR J1744−1134),
that generates two lear dips in the o�-pulse baseline next to the pulse and the

interpulse. This artifat evolves in time, as shown in Figure 4.20. In partiular,

the digitization dips next to the leading peak sink with time, induing an

inrease of the o�-pulse average amplitude (while the peak height remains

approximatively the same). This means that a ut at 20% of the mean peak

height should lead to an apparent shrinking of the pro�le aross the years,

due to the fat that the variable baseline indues us to ut at higher heights.

Although the arti�ial width variation should a�et the widths at every peak

height perentage, in an absolute value it is higher for wider widths, loser

to the dips. As a matter of fat, the spurious pro�le variation is likely not

detetable (at the level of sensitivity of this analysis) at the main peak full-

width-half-maximum.

PSR J2145−0750, this soure shares the same digitization problems of

PSRs J1744−1134 and J1939+2134. Although the pro�le uts at 15% of the

main peak height yield a �at trend both in the 1-year and the 6-month series,

we obtain a satter plots for the pro�le uts performed at 50% of the main

peak height. The satter plots turn to a �at trend in the ase of the 1-year

pro�les exluding from the analysis the �rst point of the series, identifying it

as an outlier. The same result is obtained with the 6-month series eliminating

the �rst three points from the 6-month series (see Figure 4.21).
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Figure 4.21: Upper row, omparison of the time-evolution for the width of omponent

I of PSR J2145−0750 in the 1-year pro�les, ut at 50% of the peak height, inluding

(left panels) and exluding (right panels) the �rst point of the series. Lower row,

the same as above in the 6-month pro�les, inluding (left panels) and exluding

(right panels) the �rst three points of the series. See the aption of Figure 4.12 for

explanation of the labels, markers and highlighted areas.
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4.5.2 The ase of PSR J1713+0747

PSR J1713+0747 (Foster et al., 1993) is a bright MSP with a rotational period

of about 4.57 ms. It is inluded in a binary system of about 68 days of orbital

period, and it is haraterized by a low DM value, about 16 cm−3pc. Its pulse

pro�le is relatively simple, given by a unique, bright peak and several weaker

omponents with a �ux of about 15 times smaller with respet to the peak.

PSR J1713+0747 is the only pulsar in our sample that shows a linear,

dereasing trend in all the three series of observations (1-year averaged, 6-

month averaged and individual observations), at all the performed pro�le uts

(at 30%, 50% and 70% of the peak height). Moreover, the spanned width

exursus maintains approximatively the same ranges in eah of the three data

sets (see Figure 4.22).

The deteted trend spans about 0.025 ms at 30% (orresponding to the 14%

of variation in the pro�le width), 0.01 ms at 50% (orresponding to the 10%

of variation) and 0.005 ms at 70% (orresponding to the 8% of variation). We

stress that in the following disussion we often onsider the ases for a pro�le

ut at 30% of the peak height. In fat, the longitude range that we an use

at this altitude for the purposes of the omputation desribed in Setion 4.3

is the largest, and we thus onsider the width evaluation at 30% of the peak

height as more preise with respet to the other pro�le uts.

In this Setion we study in details this behavior, exploring part of its possible

auses.

Interstellar sattering

A �rst putative reason for the observed trends in the widths of

PSR J1713+0747 is the pro�le broadening generated by a time-dependent

interstellar sattering. To hek for the reliability of this explanation, we

simulate a sattered pulse pro�le of J1713+0747 by onvolving the �rst

of the 1-year averaged arhives with an exponential sattering tail. We

�nd that the maximum width exursus that a�ets the pro�le ut at 30%

ould be reprodued applying a sattering tail with a sattering time τ=0.02

ms. However, suh a sattering tail yields a pro�le broadening at altitudes

equivalent to the 50% and 70% of the pro�le peak of about 0.024 and 0.014

ms, far larger with respet to what we detet in the data.
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Figure 4.22: Width trends for PSR J1713+0747. Eah olumn refers to a di�erent altitude in the pro�le uts: at 30% (left), 50% (entral)

and 70% (right) of the peak height. Eah row refers to a series of data: 1-year (upper), 6-month averaged pro�les (entral) and individual

observations (lower). See the aption of Figure 4.12 for explanation of the labels, markers and highlighted areas.



148 Chapter 4. Milliseond pulsars pro�le variability

Moreover, the sattering time values assoiated to a pulsar at the loation

of PSR J1713+0747 that an be predited from the literature (e.g., Cordes

and Lazio 2002 and Bhat et al. 2004) are in the order of magnitude of 10−6

ms. Even assuming an unertainty of two orders of magnitude, whih is not

unommon in the preditions for the sattering time of a pulsar aording to

the available models, this value is strongly in disagreement with the outome

of the desribed simulation.

We therefore exlude the e�et of a time-dependent interstellar sattering as

a possible ause for the width trend omputed in PSR J1713+0747.

Artifats produed by the EBPP

PSR J1713+0747 is a bright and highly sintillating pulsar. The inoming

signal in the EBPP is proessed in a linear regime as far as the saturation

level of the instrument is not reahed. A reasonable test to be performed aims

to hek if high values of S/N in the inoming signal, maybe assoiated with

peaks of the sintillation, trigger a di�erent instrumental response with respet

to a low S/N signal, leading to a bias in the observations.

We preliminary study if there exists a orrelation between the width trend

at 30% of the peak height in the individual observations and their S/N

as omputed by the PSRCHIVE tool psrstat. Figure 4.23 shows that no

orrelation is evident, mirrored by the low Pearson orrelation oe�ient, of

about −0.15.

We therefore split the individual observations in two groups separated by the

median S/N (again omputed by psrstat), and we independently hek the

width trend at 30% of the peak height for the high and the low S/N data.

The result is shown in Figure 4.24. In the left panel we report the temporal

dependeny of the pulse pro�le widths for the low S/N observations. In the

right panel we report the same parameter for the high S/N observations.

Table 4.4 shows the results of a linear �t on the two data series. Both of

the two data series are in agreement with an evolving trend with time, and

the slopes of the linear �ts are fully ompatible with respet to eah other.

The EBPP proesses the inoming signal by splitting the whole bandwidth

in 4 sub-bands, that are independently handled by di�erent boards. We
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Figure 4.23: Evolution with respet to the S/N for the width of PSR J1713+0747 in

the individual observations, ut at 30% of the peak height.
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Figure 4.24: Left panel, time evolution for the width of PSR J1713+0747 in the

low S/N individual observations, ut at 30% of the peak height. Right panel, time

evolution for the width of PSR J1713+0747 in the high S/N individual observations,

ut at 30% of the peak height.
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S/N Perentage χ2
/dof χ2

Slope Trend

signi�ane range evaluation

Low 30 13.908/40 1.0e+00 -1.04e-05;-3.03e-06 linear trend

High 30 80.768/57 2.1e-02 -8.85e-06;-7.09e-06 linear trend

Table 4.4: Results from the analysis desribed in Setion 4.3 on the low and high

S/N individual observations of PSR J1713+0747. The olumns report, respetively,

the S/N lass, the peak height perentage at whih we omputed the studied pro�le

width, the χ2
versus degrees of freedom ratio for a linear �t, its signi�ane, the limits

(upper and lower within 2 σ) of the omputed linear slope, a qualitative evaluation

of the width temporal trend as introdued in Setion 4.3.
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Figure 4.25: S/N of the pro�le peak (normalized with respet the o�-pulse rms) per

frequeny sub-band.

thus also study the individual sub-bands, in order to detet a possible issue

that may have generated the omputed trend in the widths. For this, we

split the individual observations in eah of the four sub-bands, obtaining four

arhives per observation, eah entered on a slightly di�erent frequeny. For

the purposes of this test, we also inlude the upper band that is zapped for all

the tests desribed in the previous and the following parts. We initially hek

for the S/N of the pulse pro�le peak (normalized with respet the o�-pulse

rms) of eah of the sub-bands. The result is shown in Figure 4.25: we do not

observe any signi�ant di�erene among the four frequenies.

We then build an appropriate template for eah sub-band, and we use it to

normalize the observations as desribed in Setion 4.3. Before omputing the
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Figure 4.26: Rms of the subtration of the referene template from the individual

observations per sub-band with respet to the S/N per sub-band.

widths of eah pulse pro�le in the four frequenies, we perform an additional

test to hek for the behavior of the sub-bands with respet the S/N of the

observations. In partiular, we subtrat the template of eah frequeny to the

individual observations, and we ompute the rms of the residuals, plotting it

against the S/N of the pulse pro�le peak (normalized with respet the o�-

pulse rms) of the observations. If a high S/N triggers the saturation regime,

we would expet the rms to inrease with the S/N. The result of this test is

shown in Figure 4.26. We �rst notie that no high spread of the rms ours

at high S/N. Seondly, the upper band shows a bimodality in the rms with

varying the S/N. The auses for this behavior are still under investigation,

however, the peuliar feature supports the exlusion of this sub-band from the

standard analysis of the pulsars in our sample.

We �nally proeed with the analysis of the widths at 30% of the peak height per

sub-band, following the same proedure desribed in Setion 4.3. The results

are shown in Figure 4.27, and in Table 4.5. All of the sub-bands present

a linear, dereasing tendeny in the width trend. The slope ranges of the

two sub-bands with highest (1431 and 1417 MHz, the �proteted frequeny�

for the Radioastronomy) and the lowest (1403 and 1389 MHz) entral values

are ompatible. However, they are only marginally, or not in agreement

ones with respet to the others. Possible auses for this behavior are under
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Figure 4.27: Upper row, left panel, time evolution for the width of PSR J1713+0747

in the frequeny sub-band entered on 1389 MHz of the individual observations, ut

at 30% of the peak height. Upper row, right panel, same as above in the sub-band

entered on 1403 MHz. Lower row, left panel, same as above in the sub-band entered

on 1417 MHz. Lower row, right panel, same as above in the sub-band entered on

1431 MHz. See the aption of Figure 4.12 for explanation of the labels, markers and

highlighted areas.

exam, however, as a linear trend is present in all the sub-bands we rejet the

hypothesis that the deteted width temporal evolution in PSR J1713+0747 is

a band limited e�et and/or an artifat of some of the four used boards of the

EBPP bakend.

We repeat the width analysis splitting the observations into the individual

polarization hannels, limiting the bandwidth to the sum of the three sub-

bands with lowest frequenies. We thus obtain two arhives per individual

observation. The results are shown in Figure 4.28 and Table 4.6. This test
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Frequeny perentage hi2/dof hi2 slope trend

signi�ane range evaluation

1389 30 87.633/84 3.7e-01 -8.69e-06;-5.69e-06 linear trend

1403 30 77.298/92 8.6e-01 -8.86e-06;-6.32e-06 linear trend

1417 30 126.785/96 1.9e-02 -1.13e-05;-8.92e-06 linear trend

1431 30 61.998/82 9.5e-01 -1.04e-05;-7.26e-06 linear trend

Table 4.5: Results from the analysis desribed in Setion 4.3 on the four frequeny

sub-bands of the individual observations of PSR J1713+0737. The olumns report,

respetively: the entroid of eah frequeny sub-band, the peak height perentage

at whih we omputed the studied pro�le width, the χ2
versus degrees of freedom

ratio for a linear �t, its signi�ane, the limits (upper and lower within 2 σ) of

the omputed linear slope, a qualitative evaluation of the width temporal trend as

introdued in Setion 4.3.
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Figure 4.28: Left panel, time evolution for the width of PSR J1713+0747 in the �rst

polarization hannel of the individual observations, ut at 30% of the peak height.

Right panel, same as above in the seond polarization hannel. See the aption of

Figure 4.12 for explanation of the labels, markers and highlighted areas.

yields an outome similar to the previous one: the slope of a linear �t is

nominally inompatible at 2σ between the two polarization hannels, but the

desending trend is signi�antly present in both of the hannels. Still, the

reason of the di�erene in the slopes remains under study.

Lak of polarization alibration

The EBPP data are not polarization alibrated: gain imbalane and leakage

between the feeds have, thus, not being orreted. As they an indue

deformations in the pulse pro�le, we searh whih magnitude of these e�ets

would be needed to explain the observed width variations by simulating (via a

private software that will be presented in an upoming paper from the Large
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Polarization perentage hi2/dof hi2 slope trend

hannel signi�ane range evaluation

0 30 108.559/90 8.9e-02 -1.11e-05;-8.37e-06 linear trend

1 30 126.991/95 1.6e-02 -6.74e-06;-4.86e-06 linear trend

Table 4.6: Results from the analysis desribed in Setion 4.3 on the two polarization

hannels of the individual observations of PSR J1713+0737. The olumns report,

respetively: the polarization hannel labeling, the peak height perentage at whih

we omputed the studied pro�le width, the χ2
versus degrees of freedom ratio for a

linear �t, its signi�ane, the limits (upper and lower within 2 σ) of the omputed

linear slope, a qualitative evaluation of the width temporal trend as introdued in

Setion 4.3.

European Array for Pulsars, Lee et al. 2015 in preparation) pulse pro�les

a�eted by a wrong amount of polarization alibrations. We preliminary notie

that the parallati angle rotation does not a�et the observations, thanks to

the symmetry of the used irular polarization feeds: this also tells us that I

and V are invariant with respet to the parallati angle rotation.

To perform this test, we �rst selet an high S/N, polarization alibrated pulse

pro�les of PSR J1713+0747, obtained with the E�elsberg radio telesope at

L-band and proessed with a ROACH (Reon�gurable Open Arhiteture

Computing Hardware)-based bakend, ASTERIX (Karuppusamy, 2011). This

observation ats as our referene.

We �rst simulate the presene of a di�erential gain between the two

feeds. This e�et is desribed by two parameters: ∆, the fator of signal

enhanement/weakening in a feed with respet to the other, and φ, that gives

the signal phase delay/advane in a feed with respet to the other. The

Jones matrix that desribes the gain imbalane is given by (Lee et al. 2015, in

preparation):

J =

[

1 0
0 ∆eiφ

]

(4.1)

A ombination of (∆, φ) equal to (1,0) indiates the absene of gain

imbalane. As the total intensity of the pro�le is given by the half-sum of

the two polarization hannels orresponding to the voltages self-produt, φ is

inonsequential for our data set. We thus only test the e�et of a variable ∆

value. We apply di�erent values of ∆ spanning from 0.01 to 100 (with ∆ = 1
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Figure 4.29: E�et of gain imbalane on the pulse pro�le widths as a funtion of

∆. The shaded region indiates the 1σ range of the width value obtained from the

referene (i.e., unaltered, orresponding to ∆ = 0) pulse pro�le.

being the ase of no gain imbalane), safely larger than what suggested by

the expeted properties of the reeiver (K. Lee, private ommuniation). We

then ompute the width at 30% of the pulse pro�le peak for the referene and

the simulated pro�les. The results are shown in Figure 4.29. The maximum

exursus reahed thanks a systemati ∆ variation from 0.01 to 100 is about

0.014 ms, still insu�ient to aomplish for the omputed variability in the

EBPP data.

However, if we onsider that only the gain imbalane had a signi�ant impat

on the polarization alibration (implying that the leakage ontribution was

negligible) and that the fration of irular polarization C is a time-invariant,

it is possible to orret for the e�et of the gain imbalae itself. In fat, in

the ase of irular feeds, the two polarization hannels reorded by the EBPP

and orresponding to the self produt of the voltages reorded by the two

feeds (A and B) are related to the Stokes parameters I and V that desribe,

respetively, the total intensity and the irular polarization as:

P0 = 〈A,A〉 = (I + V )/2
P1 = 〈B,B〉 = (I − V )/2

(4.2)
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thus:

C =
V

I
=
P0 − P1

P0 + P1
(4.3)

A gain imbalane between the feeds as desribed by Equation 4.5.2 transforms

the reorded voltages A and B in A′
and B′

:

(

A′

B′

)

=

(

1 0
0 ∆eiφ

)(

A
B

)

=

(

A
∆Beiφ

)

(4.4)

thus we have new polarization hannels, P ′
0 and P

′
1:

P ′
0 = P0

P ′
1 = ∆2P1 = κP1

(4.5)

Expressing C as a funtion of the new polarization hannels, we have that:

C =
V ′

I ′
=

1− 1
κ

P ′
1

P ′
0

1 + 1
κ

P ′
1

P ′
0

(4.6)

Knowing C from the polarization alibrated data, we an ompute the

parameter κ for eah observation and orret the data for the gain imbalane.

We perform this test using the EBPP observations for PSR J1713+0747

haraterized by a S/N higher than the median S/N of all the available

observations, and we then ompute the widths at 30% of the peak of the

newly generated observations. The result is shown in Figure 4.30. In the left

panel are shown the widths of the original observations, in the right panel

are displayed the widths of the orreted observations. No substantial hanges

appear, implying that the gain imbalane does not signi�antly a�et this data

set. Note that one should also onsider the possiblity of ables being swapped

during the time span overed by the data set (using |V | instead of V ), but this

is negleted in the thesis.

We then simulate the presene of a ross-oupling between the two feeds, whose

magnitude being D. We proeed like the test for the gain imbalane, applying

a range of values for D from 0 to 0.1 (with D = 0 being the ase of no

feed ross-oupling). The tested variations in the values of D aounts for

a maximum width variation of about 0.014 ms as well, still insu�ient to

explain the exursus observed in PSR J1713+0747 at 30% of the peak height.

The upper limit of the tested range of D values was indiated as a reasonable

value for the urrent set-up of the E�elsberg radio telesope reeivers (K. Lee,
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Figure 4.30: Left panel, time evolution for the width of PSR J1713+0747 in the

high S/N individual observations, ut at 30% of the peak height. Right panel, time

evolution for the width of PSR J1713+0747 in the high S/N individual observations,

ut at 30% of the peak height, orreted for the gain imbalane. See the aption of

Figure 4.12 for explanation of the labels, markers and highlighted areas.

private ommuniation). We are urrently investigating if higher values for the

D parameter have possibly a�eted the reeivers in the past.

Correlations with telesope elevation

The orrelation between the width trend at 30% of the peak height and

the telesope elevation at the observation epoh (see Figure 4.32) yields a

Pearson orrelation oe�ient of −0.33. This weak evidene of orrelation

(that would imply that the higher is the telesope elevation, the narrower is

the pulse pro�le) is urrently under study to understand its impliations with

respet to other harateristis of the telesope, suh as gain imbalane and

leakage. A mehanial instability of the reeiver feeds may possibly introdue

(A. Jessner, private ommuniation) a dependeny of the oneivable gain

imbalane parameters with respet to the elevation, in addition to the more

preditable orrelation of the amount of leakage with telesope elevation.

Further analysis

A follow-up of the tests on the lak of polarization alibration is to have a

deeper understanding of the link between the elevation of the telesope and

the magnitudes of the ombined e�ets given by gain imbalane and leakage
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Figure 4.31: E�et of the leakage between the polarization hannels on the pulse

pro�le widths as a funtion of D. The shaded region indiates the 1σ range of the

width values obtained from the referene (i.e., unaltered, orresponding to D = 0)

pulse pro�le.
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Figure 4.32: Evolution with respet to the telesope elevation for the width of

PSR J1713+0747 in the individual observations, ut at 30% of the peak height.
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between the feeds.

The next obvious step is to hek for the ephemeris used to fold the data at

the observation epoh. It is reasonable to expet that the preision of the

timing parameters improved at eah of their updates, implying a subsequent

narrowing of the pulse pro�le. We are urrently working to reover the

original folding ephemeris from databases at the E�elsberg radio telesope.

One we will obtain them, we will use an individual baseband observation of

PSR J1713+0737 to be folded with the di�erent ephemeris set, in order to

evaluate the possibility that the temporal trend we see in the EBPP data is

an artifat.

If neither of the auses listed above will result su�iently onvining to explain

the width trend in PSR J1713+0747, the only possible explanation to be

laimed is an intrinsi variation of the pulse pro�le of this soure.

4.5.3 Summary of the results

In this Chapter we systematially tested the long term stability in time of

MSP pro�les, one of the main hypothesis at the base of the PTA experiments.

We used oherently dedispersed data sets for 10 MSPs inluded in the EPTA

targets, olleted between 1997 and 2011 at the E�elsberg radio telesope

in L-band and proessed with the EBPP bakend. For eah pulsar, we

analyzed the temporal trend of the pro�le widths at di�erent altitudes with

respet to the main peak height. This study is performed on high S/N

pro�les obtained by averaging the available observations for eah pulsar

over 6 months and 1 year. When the pulsar brightness is su�ient, the

study is also performed on the individual observations: this happens for

four pulsars, PSRs J1713+0747, J1744−1134, J1939+2134 and J2145−0750.
PSRs J1744−1134 and J1939+2134 are in ommon with the study performed

by Shao et al. 2013, who inluded the data sets used in this Chapter. The

results from our and Shao et al. 2013's analysis are in agreement, letting alone

a small o�set in the absolute value of the widths due to the use of di�erent

proedures.

In nine pulsars over ten we deteted either an absene of time evolution in the

widths or, alternatively, the presene of only one or a small number of points

in the temporal evolution of the widths standing out from an otherwise �at
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trend in time.

PSR J1713+0747 is the only pulsar that shows a linear, dereasing trend at all

the perentages of the peak height at whih we performed the analysis (30%,

50%, 70%), in all the tested series of data (1-year and 6-month averaged pro�les

and individual observations), independently on the hoie of (i) the S/N of the

seleted observations, (ii) the adopted polarization hannel, (iii) the examined

frequeny sub-band. The width exursus is approximatively 0.025 ms at 30%

of the peak height, 0.01 ms at 50% and 0.005 ms at 70%.

The possibility that a time-dependent interstellar sattering event aused the

trend has been ruled out.

As these data sets are not polarization alibrated, we also tested the e�ets

of a possible gain imbalane and ross-oupling between the feeds. Spanning

reliable ranges of values for the magnitude of these e�ets in the reeiver that

olleted the data, it results that, taken independently, gain imbalane and

ross-oupling between the feeds an explain only 0.014 ms of width variation

eah. This falls short in explaining the observed trend.

Some main tests need to be performed yet. In partiular, we aim to understand

the link (if any) between the telesope elevation and the e�ets given by the

lak of polarization alibration, as well as to test the impat of the folding

ephemeris (whose preision surely improved in the ourse of the years).



Conlusions

In this work of Thesis we have touhed several aspets of pulsar astrophysis

and its appliations.

In Chapter 2 we showed two examples of the potentialities of the studies about

pulsar polarization. First, we applied a standard polarization analysis to a

sample of 49 long-period pulsars disovered by the High Time Resolution

Universe (HTRU) southern survey and were able to determine the Rotation

Measure (RM) for 34 additional pulsars among them. The measured linear

and absolute irular polarization frations of these pulsars are in agreement

with the values that an be found in literature for long period pulsars,

respetively around 15 − 20% and 6%. The pro�le shapes, that often show

the presene of two or more omponents, also mirror previous studies about

aged pulsars. Linear polarization pro�les trae the total intensity, although

they beome narrower at the edges. Cirular polarization pro�les oasionally

show a handedness reversal in rough orrespondene with the pro�le mid point.

Polarization angle behaviors are hardly in aordane with what predited by

the rotating vetor model exept for two ases in the whole sample. We then

ombined the new determined values of the RM with those previously measured

for the other pulsars disovered in the ontext of HTRU Survey and used this

dataset for putting onstraints on the Galati magneti �eld. We found that

the RM of the pulsar of our sample are not in disagreement with the models

that laim that the Galati magneti �eld have a ounter-lokwise diretion

in the spiral arms and a lokwise diretion in between.

In a seond part of the Chapter we based on the study of the fourth moment

of the eletri �eld to ompute the ovarianes between the Stokes parameters

assoiated to a pulsar signal, in the aim of reexamining and larifying the

so far adopted lassi�ation of the omposition of the modes of polarized

161
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emission of the pulsars. Following the proedure above and relying on the

four hypotheses of orthogonal, independent, similarly intense and reurrent

modes, we performed a preliminary analysis of a single pulse data set olleted

for the Vela pulsar. We �nd that, starting from these very simple assumptions,

it is impossible to �nd any ombination of modes that properly represent the

data. This means that one or more of our hypotheses need to be disarded,

likely the mode independene. Moreover, our new proedure indiates that

the methods so far applied to remove the bias indued by the noise from the

omputation of the Stokes parameters do not properly aount for the amount

of ross-oupling between the signal and the noise itself. This implies that a

di�erent approah of bias removal, on whih we are urrently working, should

be adopted.

In Chapter 3, we studied a problem related to the data analysis of the Pulsar

Timing Array (PTA) experiments, i.e. how the ourrene of orrelated signals

aused by soures unrelated to the gravitational wave bakground (GWB)

produed by oalesing supermassive blak hole binaries at high redshift an

impat on the searh for the mentioned GWB in PTA data. In partiular, we

foused on orrelated signals given by errors in the lok time standards and in

the used planetary ephemeris. Our study demonstrate that, if not orreted,

these kind of signals an potentially give signi�ant detetion in the ourse of

a GWB searhes. In partiular, the study demonstrated that an error in the

lok orresponding to the di�erene between two realizations of the Terrestrial

Time (TT), the International Atomi Time (TAI) and the 2013 version of TT

of the Bureau international des poids et mesures (BIPM), injet a onsiderable

amount of power in the pulsar timing residuals, higher that the one introdued

by a GWB. We also tested the e�etiveness of two mitigation routines for eah

of the studied spurious signals, errors in the lok time standard (CLK1 and

CLK2) and in the planetary ephemeris (PE1 and PE2), and their impat on the

sensitivity of the used GWB detetion ode. CLK1 ats on the �nal produt

of the GWB detetion proedure, the angular ovarianes between the timing

residuals of pulsar pairs, to searh and aomplish for the monopolar signature

generated by a lok signal. CLK2 searhes for the same feature to be �tted

away from the time series, exploring them with a grid of samplings and thus

introduing a variable number of degrees of freedom. CLK1 and CLK2 gave
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satisfatorily results, whether in terms of extrating the noise signal or of

maintaining the detetion ode sensitivity. PE1 and PE2 both at on the time

series. PE1 pipeline is alike to CLK2, as it simultaneously samples all the time

series to searh for the 3-omponent signature of the di�erene between the

real position of the Solar System baryenter (SSB) and the one given by the

erroneous planetary ephemeris. PE2, on the ontrary, only searhes for errors

in the planet masses. PE1 results more e�etive than PE2 in orreting for

the signal given by the planetary ephemeris error, thanks to the large number

of introdued degrees of freedom. However, at the ontrary of PE2, it also

severely redues the sensitivity of the detetion ode when a GWB is truly

present. In summary, the presene of orrelated noise greatly inreases the

"false alarm" probability of an attempt to detet the GWB: this problem an be

solved niely for the lok error but not so well at the moment for the ephemeris

error.

In Chapter 4 we explore one of the main hypotheses at the base of the

PTA experiments: the long-term temporal stability of the milliseond pulsars

(MSPs) integrated pro�les. We heked for the time-stability over a ∼ 15

yr data-span of the integrated pro�les at L-band (1400 MHz) for 10 MSPs

observed with the E�elsberg radio telesope, exploiting the best dataset so far

available in the world for this kind of study. The proedure we followed implies

the study of the temporal evolution of the pulse pro�le widths at di�erent

altitudes with respet to the height of the main peak of the pro�le. For eah

pulsar we reated two high S/N ratio data series to be tested, averaging all the

observations for a spei� pulsar over 6 months and over 1 year. If the pulsar

was bright enough, we performed the same study on the individual observations

too. Using on�dene levels at 2σ, in nine pulsars over ten we did not detet

any seular evolution in the pro�le width. However, PSR J1713+0747 shows a

linear, dereasing temporal trend in the pro�le widths at all the perentages of

the peak height at whih we performed the analysis, that indues a shrinking

of the pro�le width of 14% at 30% of the peak height, of 10% at 50% of the

peak height and 8% at 70% of the peak height. The trend is deteted in

all the tested series of data (1-year and 6-month averaged pro�les as well

as individual observations and it seems to be independent on the S/N of

the seleted observations or on the adopted polarization hannel or inspeted
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frequeny sub-band. E�ets due to the interstellar sattering annot explain

the deteted temporal evolution of the PSR J1713+0747 pro�le. We also

tested the potential e�ets due to the lak of polarization alibration in the

used data. We found that, taken independently, e�ets as gain imbalane

and leakage between the feeds an aount for only part (approximatively

half) of the observed variation at 30% of the pulse pro�le. Some additional

instrumental tests are in progress in order to �nally onlude if the evolving

pro�le width of PSR J1713+0747 is an intrinsi e�et and to whih extent that

an a�et the results of the timing observations of this bright pulsar.



Appendix A

Polarization pro�les at 1369 MHz for the pulsars desribed in Setion 2.4.

The top panel of eah plot shows the PA variation with respet to elestial

north as a funtion of longitude. The PAs are orreted for RM and represent

the (frequeny independent) value at the pulsar, and are plotted if the linear

polarization is above 2 σ. The lower panel shows the integrated pro�le in

total intensity (thik blak line), linear polarization (red line) and irular

polarization (blue line).
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Appendix B

We show how we derived Equations 2.40, 2.45, 2.48.

Superposition regime, Equation 2.40 desends from Equation 2.35 if we

substitute S with A+B:

Csuperposed = ζ2[2 (A+B)⊗ (A+B)− η(A+B) ◦ (A+B)]

= ζ2[2A⊗A+ 2B ⊗B + 2A⊗ B + 2A⊗ B (7)

−ηA ◦ A− ηB ◦B − ηA ◦B − ηB ◦ A]
= ζ2[CA/ζ

2
A + CB/ζ

2
B + Ξ/(ζAζB) + ΞT/(ζAζB)]

where:

Ξ = ζAζB (2A⊗ B − A ◦Bη) (8)

Let us assume that the dimensionless varianes for modes A and B are

omparable and similar to ζ (ζA ∼ ζB ∼ ζ) then:

Csuperposed = CA + CB + Ξ + ΞT
(9)

Equations 2.45 and 2.48 do not desend from Equation 2.35. Equation 2.35 is in

fat valid only if the soure of signal is unique, or if more signals are superposed

before being deteted by the telesope reeiver. Thus, its appliation to the

omposite and disjoint regimes requires further derivation.

Composite regime, Let us assume that the polarization state of a pulsar is

in the omposite regime, and let us fous on a single pulse from the pulsar

at a de�ned longitude range, ∆φ. If we assume that only one of the modes,

i.e. mode A, a�ets ∆φ, the Stokes vetor S that we would obtain for the
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onsidered longitude range is the mean of the N samples Ai olleted by the

reeiver during the interval ∆φ itself:

~S =
1

N

N
∑

i

Ai (10)

However, if both of the modes a�ets ∆φ, then the observed Stokes parameters

are given by:

~S =
1

N

(

NA
∑

i

Ai +

NB
∑

i

Bi

)

(11)

where N = NA +NB.

If we assume that the random samples Ai, Bi are drawn from populations A

and B respetively, then their seond order statistial harateristis are given

by C ′
A and C ′

B. We thus have that the ovariane matrix for an ensemble of

Stokes vetors omputed at the longitude range ∆φ from di�erent pulses:

Ccomposite =
1

N2
(NAC

′
A +NBC

′
B) =

1

N
(fAC

′
A + (1− fA)C

′
B) (12)

where fA = NA/N and C ′
A and C ′

B are the ovariane matries of the

populations A and B.

If only one mode was present at the longitude range ∆φ, then:

C =
1

N
C ′

A (13)

or:

C =
1

N
C ′

B (14)

If we de�ne:

CA =
1

N
C ′

A (15)

CB =
1

N
C ′

B (16)

then Equation 12 beomes:

Ccomposite = fACA + (1− fA)CB (17)

this is the �nal form shown in Equation 2.45.
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Disjoint regime, Let us assume that the polarization state of a pulsar is

in the disjoint regime, and let us fous on the same longitude range ∆φ of

a number (N +M) of single pulses. Out of these (N +M) impulses, N are

drawn from mode A population only, and M from mode B population only.

The mean Stokes vetor is:

S̄ =
NA +MB

N +M
= FAA + (1− FA)B (18)

where FA is the fration of mode A samples present in N +M impulses, and

A and B are the mean Stokes parameters of mode A and B populations.

We reall that a possible de�nition of the ovariane matrix C for a sample of

N vetors x with mean x̄ is:

C =

∑N
i xi ⊗ xi
N

− x̄⊗ x̄ (19)

where the brakets indiate an external produt.

For Equations 18 and 19, the ovariane matrix in the disjoint regime is:

Cdisjoint =

∑N
i Ai ⊗ Ai +

∑M
i Bi ⊗ Bi

N +M
− (S̄ ⊗ S̄) (20)

If we assume that the random samples Ai, Bi are drawn from A and B

respetively, and:

Cdisjoint =
N〈A⊗A〉+M〈B ⊗ B〉

N +M
− (S̄ ⊗ S̄) (21)

= FA〈A⊗ A〉+ (1− FA)〈B ⊗B〉 − (S̄ ⊗ S̄)

where the angular brakets indiate an ensemble average. We then have that:

S̄ ⊗ S̄ = (FAĀ+ (1− FA)B̄)⊗ (FAĀ+ (1− FA)B̄) (22)

= F 2
A(Ā⊗ Ā) + (1− FA)

2(B̄ ⊗ B̄) + FA(1− FA)(Ā⊗ B̄ + B̄ ⊗ Ā)

Replaing F 2
A(Ā⊗ Ā) with FA〈A⊗ A〉 − FA(1− FA)〈A⊗ A〉 we have that:

Cdisjoint = FA CA + (1− FA)CB (23)

+ FA(1− FA)(A⊗ A+B ⊗B − A⊗ B − B ⊗ A)

thus:
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Cdisjoint = FACA + (1− FA)CB + FA(1− FA)((A− B)⊗ (A− B)) (24)

that is the �nal form shown in Equation 2.48.
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