Frequency Evolution
of
Integrated Pulse Profiles

A DiplomaThesis

Emmanouil Angelakis
Under the supervision of Professor John H. Seiradakis

Department of Physics, Section of Astrophysics, Astronomy and Mechanics
ARISTOTLE UNIVERSITY of THESSALONIKI



To my angels, Evangeliaand Katerina Angelaki and the memory of my precious father who
passed away on 27" October 1997.



Contents

Pulsating Stars
11 Stellar Evolution: fromBirthtoDeath . . . . . . . .. .. ... ... . ... .. ......
1.2 Neutron Stars: Astonishingly ExoticGuys... . . . . . . . ... ... ... ... .. ...,
1.3 TheDiscovery and Interpretation Attempts . . . . . ... ... ... ... ...
1.4 Observational OVErview . . . . . . . . . e e
141 EMISSIONTANgE . . . . o o e e e e e e e e e e e e
142 Radiopulsemorphology . . . . . .. .. . .. . . ...
143 Pulsetiming . .. . . .. . . e
144 Distancesand galacticdistribution . . . . . . ... ... o L oL
15 Contemporary Knowledgeof Pulsars. . . . . . . . . . . . . .. . ... ... . ... . ...
151 Neutronstarstructure. . . . . . . . . .
152 Theemissionmechanism. . . . . . . . . . . .ottt
1.6 Applicalions. . . . . . . . e e

Introducing Our Project

21 ABrief Ravision . . . . . . .
211 Generdities . . . . ..
212 Structureof theemittingregion . . . . . . .. ... ... ..
213 A methodto maptheemittingregion . . ... ... ... .. ... . ... .....
214 Frequency dependenceof thepulseprofile. . . . .. ... ... ... . L.

2.2 OurProject’'sDescription . . . . . . . . e e
221 0Uraim . . . . e
222 Attemptingtoreachouram . . . . ... ... .. . ... .

23 RESOUMCES . . . o o o o
231 DaaresoUrCeS . . . . . v v i e e e
232 SOftWarereSOUrCES . . . . . o v o ot e e e e e e

24 AnalysisProcedure . . . . . . L
241 Teminology . . . . .o
242 Anexample. . . .
243 Errorestimation . . . .. ... e

Evolution over Broadly Sampled Frequency Range

31 PSRBO525+21 . . . . o e
3.11 Generd informationabout PSR BO525+21 . . . . . ... ... ... ... ... ..
3.1.2 Adiscussionabout profilemorphology . . . . .. ... ... oL
3.1.3 Integratedprofilestudy . . . . . . . . ...

32 PSRBO5A0+23 . . . . e
321 Generd informationabout PSR B0540+23 . . . . . . . . ... ...
3.2.2 Adiscussionabout profilemorphology . . . . . ... ... L
3.23 Integratedprofilestudy . . . . . . . . ...

3.3 PSRBO740-28 . . . . . e
331 Generd informationabout PSR B0740-28 . . . . . . . . . .. ... ...
3.3.2 Adiscussionabout profilemorphology . . . . . . ... ..o L
3.3.3 Integratedprofilestudy . . . . . . . . .. .

34 PSRBL742-30 . . . . o e e
34.1 Generd informationabout PSR B1742-30. . . . . . . . . ... ..o



2 CONTENTS
3.4.2 Adiscussion about profilemorphology . . . . . . ... 46

343 Integratedprofilestudy . . . . . . . . ... 47

35 PSRBI822-09 . . . . . . . e 51
351 Genera informationabout PSRB1822-09. . . . . .. .. ... ... .. ...... 51
352 Adiscussion about profilemorphology . . . . . . ..o Lo 51

353 Integratedprofilestudy . . . . . . . . .. 51

36 PSRBI83L-04 . . . . . . e 56
3.6.1 Genera informationabout PSRB1831-04 . . . . . . . .. ... ... ..., 56

3.6.2 Discussionabout profilemorphology . . . . . . . ... L o 56

36.3 Integratedprofilestudy . . . . . . . . . . 56

37 PSRBI929+10 . . . . . . e 60
3.71 Genera informationabout PSR B1929+10 . . . . . . . . ... ... ... 60

3.7.2 Adiscussion about profilemorphology . . . . . . ... 60

3.7.3 Integratedprofilestudy . . . . . . . . ... ... 61

4 Evolution over Closely Sampled Frequency Range 65
41 PSRBI1702-19 . . . . . 65
411 Genera informationabout PSR B1702-19 . . . . . . . . . .. ... ... 65
412 A discussion about profilemorphology . . . . .. ..o 65
413 Integratedprofilestudy . . . . . . . .. 65

4.2 PSRB1742-30 . . . . . e 72
421 Integratedprofilestudy . . . . . . . . .. .. 72

4.3 PSRB1822-09 . . . . . . . 75
431 Integratedprofilestudy . . . . . . . .. 75

44 PSRBI1831-04 . . . . . . 75
441 Integratedprofilestudy . . . . . . . . 78

45 PSRBI1929+10 . . . . . . 81
451 Integratedprofilestudy . . . . . . . . ... 8l

4.6 PSRB2319+60 . . . . . . o 84
46.1 Genera informationabout PSRB2319+60 . . . . . ... ... ... ... ..... 84
4.6.2 A discussion about profilemorphology . . . . .. ..o 84
46.3 Integratedprofilestudy . . . . . . . . .. .. 84

5 An Overall Discussion 87
51 General Remarks . . . . . . . .. 87
5.2 Broadly Sampled Frequency Range . . . . . . . . . . .. .. ... 87
5.3 Closdy Sampled Frequency Range . . . . . . . . . . . . . e 88
54 FuturePlans . . . . . . . 88

A Complete Data Catalogues 89



Chapter 1

Pulsating Stars

Although it may sound impressive pulsars only stands for Pulsating Stars. With respect to the fundamental
quality of fast rotating neutron stars to send precisely periodic pulsesto aterrestrial observer, pulsars become
perceivable as though they were cosmic lighthouses (in case of correct orientation of their magnetic field's
axisto our line-of-sight).

Born during atitanic supernovaexplosion that left behind only atiny (in comparison with the usua stel-
lar dimensions) perfect super-dense spherical remnant, pulsars serve as ideal cosmic laboratories to study
physical conditions completely unattainable on earth. Great excitement, surprise and inspiration accompa-
nies each scientific pulsar approach since it would not be exaggeration to say that they are the dense-most
state of matter that contemporary physics tools are adequate to describe.

The present work has proved to us the quotation opening Manchester and Taylor’s text book “Pulsars’
[Manchester and Taylor, 1977] to be the most accurate to describe our feelings. They wrote:

To Jocelyn Bell, without whose perceptiveness and persistence we might not yet have had
the pleasure of studying pulsars.

1.1 Stellar Evolution: from Birth to Death

Most of the tiny silver dots we see when gazing at the night sky are subject to an interesting state of equi-
librium. What relentlessly threats them of death is what triggers their will to live. Its majesty, Gravity.
The cosmic governor! The force capable of turning a cold dark cloud of interstellar medium into a steadily
shiny fireball which in turn could warm up the birth of an inconceivably long series of species inhabiting a
wonderful blue dot in the cold vacuum of the universe.

Initiating their history as gaseous clouds composed mainly of Hydrogen, stars are unable to avoid the
gravitational pull and start falling into themselves. The more they contract the more their core temperature
and pressure increases.

Passing through several more or less known stages of evolution they eventualy give birth to a new
object: astar! That is, core conditions are extreme enough to trigger the nuclear reactor in their center. From
that moment, and for more than the 80% of their whole life, stars obey a dynamic equilibrium occupying
a position in the main sequence. The gravitational pressure is resisted by the radiation pressure constantly
generated by the nuclear fusion of four atoms of Hydrogen into an Helium one.

Inevitably, Hydrogen gradual ly expires and when about 13% of the star’sinitial mass has been consumed
dramatic changes and titanic events start destroying the so far serene stellar life. Roughly about once every
century in our galaxy the end of equilibrium breaks down with a mgjestic supernovaexpl osion preceded by a
short period during which the star exists as a super-giant. A few seconds are enough to violently erase what
billions of years built. The core of the star collapses living behind fast expanding layers of stellar material.
Simultaneously, a white dwarf, a neutron star or a black hole is formed at the center of the star depending
strongly on theinitial amount of material composing it.

Now, the end of alife becomesthe beginning of another. On the one hand, the supernovadebris spreading
through the interstellar space will some day be engulfed in agreater cloud to create a new star. On the other,
the shock wave from the explosion may cause the contraction of a nearby gaseous cloud accelerating a
second generation star birth process. But even more interestingly, new fascinating types of equilibrium
occur supporting the existence of super-dense stellar corpses.

3



4 CHAPTER 1. PULSATING STARS

1.2 Neutron Stars: Astonishingly Exotic Guys...

The 34 sequential years of pulsar studies seemto imply that the theoretical speculationsof Landau [Landau, 1932]
and Baade & Zwicky [Baade and Zwicky, 1934] have been more than science fiction. Considering the possi-
ble scenariosfor stellar death, they predicted the existence of an exotically super-dense object named neutron
star to be the remnant of a star with an initial mass (i.e. during the main sequence stage) heavier more than
5 but less than 20 M, [Seiradakisand Varvoglis, 1994]. For such a star, no radiation pressure is intense
enough to resist the gravitationa pull of its inner layers on the outer ones. When Such a star collapses, a
new kind of pressure is needed to stabilize it. According to their idea the pressure that could eventually
hold back further collapse of the object is due to Pauli’s law for fermionsin conjunction with Heisenberg's
uncertainty principle[Seiradakis and Varvoglis, 1994]. Qualitatively speaking, it iswell understood that one
is not allowed to decrease the product between the uncertainty in the position and that in the momentum of
aparticle bellow the limit of Planck’s constant, h. That is:

Az-Ap>h (1.1)

Where, Az and Ap is the uncertainty in the position and that in the particle’s momentum, respectively.
Hence, if very little free space (Ax) is given to particles to move about, their momentum should increase
so that the product Az - Ap exceeds h. But increasing momentum is equivalent to increasing the kinetic
energy and therefore the pressure. This mechanism is known as degenerate fermions pressure and occurs
in environments of extremely high densities as the ones characterizing the interiors of neutron stars. For
the case under examination, even the degeneracy of electrons is worked out to be too weak to resist the
gravitational pull. However, it is easy to demonstrate that degenerate neutrons can provide the pressure
necessary for the establishment of equilibrium in the interior of a body of between 1.4 and 3.2 M , blended
in a sphere of a 10-kilometer radius!

Let usrecall what has just been stated. A neutron star possesses a mass of about half a million planets-
Earth (in average) squeezed in the volume of a sphere 20 km across! Can you imagine how dense a body
of that sort will be? Simple calculations will lead to atypical density of the order of 10*gr/em?, that is
equal to the typical nuclear density [Charalampous, 1981]! The above conditions lead to an escape velocity
of roughly 64% of the speed of light since the gravitational pull on the surface of such an object exceeds
that on Earth by a factor of 200 billions! Here on Earth, a cubic centimeter of such material would be as
heavy as 650 million tons [Kramer, 1995]. From a different perspective, the highest mountain on a neutron
star would hardly reach afew centimeters height.

Slightly more detailed reflections on the process |eading to the formation of aneutron star lead to further
surprises. Imagine a star with a mass between 5 to 20 M, disintegrating during a powerful supernova
explosion. Its core collapsesinto acorpse 20 km in diameter. The conservation of magnetic flux determines
that the final stage (i.e. the super-dense remnant) will exhibit an enormously strong magnetic field. An
estimation of B based on typical values of the involved parameters would imply surface fields as strong as
a few thousand billions times that of the Sun! It is this fact, as we discuss later, that makes neutron stars
periodically visible in the radio sky.

But, it is not only magnetic flux that obeys a conservation law. Angular momentum does so as well.
Hence, it is reasonable to expect the strange guy under our examination to rotate very fast in the heavens.
Would it be too shocking to accept a spin frequency of typically one rotation each second? Or, would a
rotation per millisecond sound inconceivable? Whether it does or not, the sophisticated studies of pulsars
that have been carried out from some of the most famous radio astronomy groups during the last one third
of the century provethat such exotic objects do exist.

1.3 TheDiscovery and Interpretation Attempts

Since 1934 when Walter Baade & Fritz Zwicky proposed the existence of the neutron star as an end product
of stellar evolution, only in 1967 an observation brought to light their idea.

It was in July 1967 when Jocelyn Bell (Figure 1.1), under the supervision of Antony Hewish (Nobel
prize 1974), carried out several series of observations with a low frequency radio telescope operating at a
frequency of 81.5 M H z. Her project was the study of the angular structure of compact radio sources by ob-
serving the scintillation caused by theirregular structure of the interplanetary medium [Hewish et al., 1968].
While Jocelyn was investigating the pen chart recordings obtained with their observing system she realized
that a series of clock-like radio pulses had been recorded! After allowing for mistaken observational proce-
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Figure 1.1: Professor J. Bell during one of her amazingly interesting lectures.

dure and justifying the correctness of their technique, quite methodical and intense study was dedicated to
the answer of the question:” What sort of source could emit such signals?’

Even extraterrestrial intelligence, namely little green men, among a long sequence of possible answers
was examined as the possible origin of so regularly emitted pulses. It is impressive how remarkable
is the signal analysis contained in the legendary discovery letter published in Nature in February 1968
[Hewish et al., 1968]. Let usrecall the abstract of their report:

Unusual signals from pulsating radio sources have been recorded at Mullard Radio Astron-
omy Observatory. The radiation seems to come from local objects within the galaxy, and may
be associated with oscillations of white dwarf or neutron stars.

The surprising regularity of the pulse’s arrival time led to a very restricted group of assumptions with
regard to the pulses’ origin. First of al, the ideathat the signals resulted from a binary revolution appeared
to beirrelevant mainly for two reasons [Seiradakis and Varvoglis, 1994]:

e |t istrivial to rule out a white-dwarf binary since the revolution period cannot be shorter than 1.7 s
whereas pulsars of far shorter period had been discovered.

e Moreover, a neutron-star binary also was worked out to be inadeguate to give an explanation. Such
systems emit gravitational waves at quite high rates at rotational energy’s expense. Therefore, in case
they were the origin of pulses a constantly fast decrease in the pulse period should be observed. In
fact, what has been observed is a period increase instead.

Soon, the assumption of a an oscillating white dwarf or neutron star was found to be impossible as well
as that of arotating white dwarf. What was eventually and after deep speculations left to serve as the most
promising explanation was that of afast rotating neutron star. Later we discuss the most contemporary ideas
concerning how such an object could result in the observed signals and many of their observed properties
15.

1.4 Observational Overview

Since July 1967 when thefirst pulsar, PSR B1919+21, was discovered, interestingly sophisticated observing
systems have been recording signals from pulsars. Long series of data reveal numerous noteworthy pulsar
properties.

1.4.1 Emission range

As we discuss later in more detail, the energy source of pulsars is their rotational energy, converted to
radiation, asthey slowdown. Asthey spin rapidly around their axis with their magnetospherefollowing their
rotation (locked onto their surface), neutron stars gradually loose kinetic energy transformingit into radiation
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Observation of a Rapidly Pulsating Radio Source

by

A. HEWISH

S.).BELL Unusual signals frem pulsating radio sources have been recorded at
J. D. H. PILKINGTON the Mullard Radic Astronomy Observatory. The radiation seems to
P. F. SCOTT come from local objects within the galaxy, and may be associated
R. A. COLLINS with escillations of white dwarf or neutron stars.

Iy July 1867, & large
of 815 MHz

: s 5
ron stars is proposed.
Position and Flux Density
L v aerial ts of a

Figure 1.2: The front page of the legendary Nature letter.

through processes that will be mentioned later. Thisisthe very ideathat also interpretsthe observedincrease
intheir period.

It would not be true at al to say that pulsars emit only in the radio band. Actualy their radio emission
represents only a small part of the total energy loss. The Crab pulsar (the youngest known pulsar), for
example, emits detectable pulses over the whole spectrum. Radiating from radio to high energy gamma-
rays, it emits most of its energy in the X-ray region. In Figure 1.3 an optical photograph of its neighborhood
is shown during the on and off phase. However, high energy radiation appears to be characteristic of the
youngest pulsars.

As for the radio emission, which offers the best possibility for studying pulsars, one should investigate
the pattern of its spectrum. Figure 1.4 illustrates typical radio spectra which are described by alaw of the
form:

S =Sof" 12

Where, S is the flux density and a the spectral index. In general, it is quite steep and becomes even steeper
at higher frequenciesfor most pulsars.

1.4.2 Radio pulse morphology

Before proceeding with the study of pulse morphology, we should first distinguish between individual pulses
and the integrated pul se profile.

In the previous discussion it was repeatedly mentioned that what makes pulsars special, at the first place,
istheir peculiarity to send pulses of radio rather than continuous radiation. Each and every pulsereceived is
named as individual or single. Quite wide variation in the properties of single pulses can be observed, aswe
discussin the next Paragraph.

Assuming that one can average long series of sequential individual pulses, one can construct what is
known as integrated pulse profile. A pattern that, for the majority of cases, serves as the pulsar fingerprint.
L ater, the above distinction will hopefully become more clear through a more extended discussion.

Individual pulses

The specific shape of single pulses can change dramatically from period to period. Very often the emission
stops and no pulse can be observed, for several periods. Figure 1.5 shows a series of sequential pulses. It is
clear how randomly the received flux is distributed over the period.

Most of the known pulsars emit pulses that cover only a small portion of their period, usualy between
5° — 15°, assuming that a full period covers 360°.
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Figure 1.3: The Crab pulsar pulsating at optical. At the top picture the pulsar is“on”

A single pulse often consists of a number of components (sub-pulses) that can be observed only with
systems supporting high time resolution. Even better resolution can reveal the microstructure of sub-pulses.

In some cases interpulses are observed, as well. That is, for a small portion of the period a pulse-
like pattern completely separated from the main pulse is received. Figure 1.5 is the best to describe that
phenomenon.

Theindividual pulses are often very highly polarized; this is characteristic of strong magnetic fields.

There are pulsars that display the nulling phenomenon. That is, for several sequential periods no pulse
is observed. The duration of nulls and the time span between their occurrence vary randomly about charac-
teristic values. For instance, nulls of two or three pulses long may occur at intervals of order one hundred
pulses. Nulling seems to be a characteristic of older pulsars.

Drifting is aso an interesting individual pulses peculiarity that is observed in many long-period pulsars.
Sub-pulses of successive periods appear at progressively changing longitudes. Figure 1.6 illustrates atypical
nulling case as well as adrifting one.

Integrated pulse profiles

It has been stated that integrated pulse profiles serve as fingerprints for each particular pulsar at fixed fre-
quency.

In order to obtain the integrated pulse profile, people superpose a sequence of some hundreds of single
pulses. The resulted pattern then becomes “stable” in a sense that it does not change if more single pulses
are added to it.

This statement should not lead to the misconception that for all known pulsars the profile remains un-
changed in time. Important modifications can be observed. For instance, many pulsars share two completely
different profiles and switch between them unexpectedly (mode changing). Moreover, integrated profiles
can change over frequency. By the way, this very issue is the motivation for the present project.
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Figure 1.4: Typical pulsar spectra.

In general, integrated profiles may occupy between 2% to 10% of the period though there are exceptions.
Some pulsars posses profiles that cover even 60 out of 360 degrees of rotation.

Similarly to single pulses, integrated profiles usually consist of individua components more or less
distinct from each other. Their number is often close to two or three but five-component profiles have been
observed, as well (see Figure 1.8). Aswe discuss later their appearanceis attributed to the intersection of
our line-of-sight with discrete emitting regions.

A lot of information, concerning the physical processes occurring at the neutron star, can be accumul ated
from the study of integrated polarization patterns.

Asaconclusionwe should mention the existence of inter-pulsesin many integrated pul se profiles. Figure
??illustrates atypical profile of that sort.

1.4.3 Pulsetiming

State-of-the-art observing systems have made precise timing observations achievable nowadays. The unfa-
miliar with this topic may be surprised by the accuracy with which people can record pulsar signals. Never-
theless, very important phenomena have been disclosed thanks to the accuracy provided by some available
instruments.

To indicate how fast the observational systems should be, we would give the example of millisecond
pulsars. As we mentioned earlier the profile possesses, in many cases, detectable microstructure. You can
perceive now the need in high receiving speed in order to detect such fine details.

The following paragraphs refer to some basic topics, regarding pulse timing, and imply the necessity of
extremely fast observing systems.

Period distribution

The most important parameter, in the context of pulse timing studies, is of course the pulsars’ period.

Figure 1.9 illustrates the period distribution for the so far known pulsars. Two main populations can
be seen. Most of the pulsars occupy the long period range whereas a fairly large number can be found at
periods of the order of 10 ~3 seconds. The former group includes the so called normal pulsars and the later
the millisecond pulsars. We discuss this distinction in more detail later (paragraph 1.4.3).

From the roughly 1200 pulsars known so far the fastest, PSR J1939+2134, spins about 645 times per
second! That is, it has completed about 58000 rotations since you have started reading this paragraph! On
the contrary, the one with the longest period, PSR 2144-3933, rotates once each 8.5 s. Hence, generally
speaking we would say that pulsars' periods cover arange of 3 orders of magnitude.
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Figure 1.5: Sequencial single pulse
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Figure 1.6: Drifting and nulling. Each horizontal line is centered on the expected arrival time, with time increasing
downwards and to the right. The positions of each sub-pulse are shown.

£l

P-P diagram

In Section 1.4.1 we stated that the energy source of the pulsar is the rotational slowdown it undergoes.
Therefore, it is reasonable to expect the pulsar periods to increase since they gradually loose kinetic energy
transforming it into radiation. The measure of how fast the period lengthening happens, is of course the
period derivative, P. Figure 1.10 demonstratesthe P — P diagram for the majority of known pulsars.

Avoiding a detailed talk on this diagram (which is of significant importance) we only point out that it
proves the evolutionary path to be specific for each pulsar. In the opposite case, most of the pulsars should
be concentrated around aline rather than been scattered over the whole plot asthey are.

Pulsar ages

Very important conclusions may be reached after careful investigation on the period distribution diagram
and that of slowdown rates.

For the majority of pulsars the rotation slows down on a timescale of 106 to 108 years. Additionally,
most of the pulsars start their lives with periods bel ow 100 milliseconds and cease to radiate after afew tens
of million years. The birthrate deduced by this assumption is of the order of 1 per 50 years being consistent
with an origin during the violent collapse of massive stars observed as supernovae.
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Besides, the study of the slowdown rates can lead to the estimation of characteristic ages for pulsars.
Assuming that they loose energy through dipole radiation, not very complicated calculationsreveal that their
characteristic ageis:

T =P/2P (1.3)

This valueis only approximate since very genera assumptions have been taken into consideration . Never-
theless, it serves as an indicator for the time spans that pulsars may spend radiating.

Classification

The plot shown in Figure 1.9 leads to a classification of pulsarsinto two groups according to their period.

The group laying over the long period regime consists of new born pulsars that carry stronger magnetic
fields than what the second group does. These pulsars are known as normal pulsars.

The minority of the total pulsar population spin with very short periods. Their slowdown rates are yet
smaller compared to the ones of normal pulsars as aresult of weaker magnetic fields. They are refered to as
millisecond pulsars.

The above classification is of physical content rather than only a formalized grouping. Millisecond
pulsars are believed to be neutron stars that have passed their normal age span of activity. At present, their
magnetic fields have decayed, but they have rejuvenated by spin-up processinvolving a binary partner.

Timingirregularities

A spinning body with such large moment of inertia (about 10 **g - cm?) as aneutron star isolated in space, is
reasonably expected to possess a remarkable uniformity of rotation rate. Therefore, it is not surprising that
in atime scale of several days pulsars do not display any irregularity in their period. However, some very
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interesting sorts of irregularitiesin their rotation have been observed. Two categories of timing irregularities
may be established. A general noisy and rather continuously erratic behavior and a spectacular step change
in rotation speed, known as glitch. Both classes of irregul arities have been mainly observed in young pulsars.

In the context of apurely descriptivereferenceto timing irregularitiesit would not be necessary to give a
detailed description of all the observed phenomena. We take the opinion that a short description of glitches
would be enough.

Glitches are not so often. They have been observed in 21 pulsars, at least so far, most of which are in
young pulsars. They are characterized by a step decrease in period followed by a period of slow recovery.
Figure 1.11 is atypical diagram showing a glitch. The most promising theory that tries to explain glitches
discuss the possibility of internal changes. Specifically, it has been examined the possibility of a step change
in period dueto changesin equilibrium ellipticity of the crust that may be resulted from the centrifugal force
decrease.

Dispersion

Inthe general framework of pulsetiming it would be amistaketo refrain from dedicating time to adiscussion
about dispersion.

Radio waves propagating through the interstellar medium encounter ionized gas, whose refractive index
differs from unity. Asaresult, adelay in the pulse arrival time arises. The magnitude of the delay depends
on the total electron content of the propagation path and the observing frequency in a manner that higher
frequencies travel faster. Figure 1.12 perfectly supports the above description. The whole phenomenon is
named dispersion.

Comparing the pulse arrival time at different frequencies one can estimate the pulsar’'s distance. If ¢ is
the dispersive delay added to the free space travel time (in seconds) and f the observing frequency (in MHz),
then the relation between them is given by:

t=DM/2.41-10"*- f2 (14
where D M is the dispersion measure defined as:

L
DM = / nedl (1.5)
0

Measured in pc - em 3. In the above equation, n.. is the electron number density and L the total path length.
By measuring the difference in the arrival time dt at two different observing frequencies we can calculate
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Figure 1.10: P — P diagram for most of the known pulsars [Hobbs, 2001].

DM. Then, for given electron distribution (expressed by n ) we can estimate L which is of the order of
pulsar’s distance.

Great deal of time and of computational resourcesis dedicated to the data de-dispersion since dispersion
causes what is known as pulse dispersion broadening; that is, the broadening of pulse profile resulting
in from wide bandwidth observations. If B is the receiver’'s bandwidth (in MHz) and At the dispersion
broadening (in milliseconds), then:

At=83-10>-DM-f3.B (1.6)

During the actual data analysis of our project we use this parameter in order to calculate our errors, as
will be mentioned |ater.

1.4.4 Distancesand galactic distribution

Four different methods are used for the estimation of pulsar distances: parallax, hydrogen absorption, optical
identifications and dispersion measure.

The method based on the parallax takes the advantage of the annual parallactic motion. Unfortunately,
this method can only be used for pulsars within 1 kpc from the Sun.

The second method, presupposes a dynamical rotation model of the Galaxy. Having measured the ab-
sorption, due to spin-flip Hydrogen transition (at 21 ¢m), aong the line of sight, one can infer the pulsar’s
distance.

A different way to estimate the distance of a pulsar is to associate it with a supernova remnant and
subsequently measure the distance of the optical object.

The most used method is the one base on dispersion measure's studies. In paragraph 1.4.3 we gave a
detailed description of this method.

From the very early days when the first surveys were under way the spatial distribution of pulsars was
under examination. In Figure 1.13 we present the galactic distribution of known pulsars. It is immediately
seen that they concentrate close to the galactic plane. Most pulsars are concentrated within a layer about 1
kpc thick and within aradial distance from the center of the order 10 k£pc. Normal pulsars are found on the
galactic plane whereas millisecond ones are distributed more isotropically. Many of the later are found in
globular clusters as well. It is estimated that, in total, 10° to 10% active pulsars are present in the Galaxy.
The so far known pulsars are about 1200.
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1.5 Contemporary Knowledge of Pulsars

Here we intent to summarize the most important results recently achieved in pulsars research. Before we
proceed it is important to mention that the following description of physical processes will be made from a
qualitative point of view. In particular cases, where quantitative and a more accurate approach is necessary,
our perspective selectively changes.

1.5.1 Neutron star structure

It has already been pointed out that from the very early pulsar days a rapidly rotating neutron star became
clear to be the most eligible explanation for pulsars. It isinteresting thereforeto concentrate on the structure
of such objectsfor awhile.

Theinterior

Figure 1.14 illustrates the basi c ideas people share nowadays as regards the interior of aneutron star. There,
atypical neutron star of 1.4 M, and adiameter of about 10-20 km is shown. Therefore, the deduced central
density isroughly of theorder 3 - 10'4 to 3 - 10® gem 2.

Moving from the surface of the star inwards to its center the density runs from 106 to 10'5gem =
covering a range of about nine orders of magnitude. The main body of a neutron ster is believed to consist
mainly of two components. A crystalline solid crust, 1 km thick, and a neutron liquid interior. The division
between them is at a density near pg = 2.8 - 10™* gem 2.

The outer part of the crust is very rigid and dominated by iron nuclei. Asthe density increases, deeper in
the star, more and more electrons penetrate the nuclel and combine with protons to form exotic nuclei with
unusually large neutron numbers[Lyne and Graham-Smith, 1998].

At the neutron drip point, that is at density as high as 4 - 10! gem 3, amost no neutrons can be
found outside the nuclei. Densities higher than this cause the most massive nuclel to become unstable and
subsequently embedded in a neutron fluid [Lyne and Graham-Smith, 1998].

The central core consists only of aneutron fluid, containing asmall proportion of electrons and protons.
Both the neutron and the proton fluid are superfluids [Lyne and Graham-Smith, 1998].

Even more exotic states of matter could characterize the central regions. For instance, at densities of
about 6 - pg neutrons may be squeezed and form mesons and kaons. A solid core deduced by such a pro-
cess would be important for the interpretation of an outstanding pulse timing irregularity known as glitch.
Moreover, al these extraordinary states of matter affect the cooling rates of a neutron star, since they alow
energy to be lost as aflux of neutrinos.
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Theexterior

It has been explained earlier (Section 1.2) that neutron stars are very strongly magnetized. Their magnetic
field strengths correspond to the conservation of magnetic flux of a normal star with a field of order 100
gauss. Young pulsars have dipole field strengths close to 10'? gauss, while 10'° gauss is atypical value
for old pulsars. In millisecond pulsars even weaker may fields occur (108 gauss).

Degspite the fact that the presence of an extremely strong magnetic field , which like a rigid body co-
rotates with the rapidly spinning neutron star, is the reason for all the observed pulsar radiation, thereis very
little effect on the structure of the star. Only a modification of the crystal structure is deduced. However,
outside the star the field dominates all the physical processes. Skipping a more detailed description of this
topic we only underline the importance of a field configuration as the one shown in Figure 1.15. This
arrangement in conjunction with the field strength will serve as the basic idea to explain the pulses we
receive.

1.5.2 Theemission mechanism

Theyearsfollowing the pulsar discovery were ones of intensive activity trying to deduce areasonable expla-
nation for their periodic signals. Soon, it became clear that pulsars could not be oscillating neutron stars but
rather rotating ones (remember Section 1.3). The radiation was also established to be emitted in a narrow
lighthouse beam locked on the surface of the star co-rotating with it.

The proposed models should therefore allow the radiation to be emitted in the form of anarrow beam and
further to predict emission over the whole electromagnetic spectrum. Mainly, two theories were extensively
explored:

e The outer magnetospheric gap, according to which the radiation originates far out in the magneto-
sphere, close to the vel ocity-of-light cylinder.

e The polar cap model, which placed the source of the emission immediately above a magnetic pole.
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Figure 1.13: The galactic distribution of pulsars.

Surface density
Surface p=10"gcm™

radius 10 km

Crystalline solid o

f— ;
Salid with free neutrons Neutron d!’lp.
p=43x10"gem™

"~ Crust dissolves
p=2x10"gem™?

Neutron superfluid

Possible
solid
core

Central density
I/;, =10"%gem™

Figure 1.14: Typical cross-section of a neutron star.

Beamwidth and polarization studies gave evidence for the former, while the later was supported by the high
energy radiation observed from young pulsars (such as Crab and Vela pulsars).

In both, outer magnetospheric gap and polar cap, regions the radiation is deduced by the accel eration of
charged particles at high energies along the field lines. Hence, the radiation is directed along the particle
flow (i.e. dong the magnetic field lines).

Nowadays, most astrophysicists take the opinion that not a single region is responsible for the radia-
tion. Radio emission is taking place at the polar cap whereas high energy radiation comes from the outer
magnetospheric gap.

The outer magnetospheric gap

In Figure 1.16 we give a picture of the region far out in the magnetosphere where the high energy emission
originates. Thisterritory is close to velocity-of-light cylinder. Its thickness may be of severa kilometers.

The dominating emission mechanism can be roughly described as follows. Electron-positron pairs are
being created via the interaction of gamma rays with either magnetic field or low energy photons. The
members of the pair are separately accelerated along thefield lines. Their energy may reach very high values.
Successively, they radiate gammarays (either by curvature radiation or by inverse Compton collisions with
low energy photons). These gamma rays may interact once again creating pairs and so on. Soon, a cascade
of high energy radiating particles appears.
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Figure 1.15: The typical magnetosphere’s configuration. The field here is assumed to be bipolar. Notice theinclination
between the rotation axis to that of magnetic field. This is the reason for the fact that we observe periodical pulses
instead of a continuous radiation [Pasachoff, 1998].
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Figure 1.16: The cascade process in the outer magnetospheric gap.

The polar cap

Polar cap model appears to be the most popular among the models proposed to explain the radio emission.
Provided that this frequency regime characterizes the majority of pulsars, it is important to give a more
detailed description.

Figure 1.17 gives an illuminating description of the radio emission according to the polar cap model.
Thefirst to notice is of course the conical shape of the radiation beam.

In contrast to the high energy regime (outer magnetospheric gap), the radiation originates very close to
the surface of the star. Charged particles are accelerated in a vacuum gap over the magnetic pole. Each one
of them is accelerated along afield line and emits coherent synchrtron radiation.

The cone-like beam is limited by those field lines that tangentially meet the velocity-of-light cylinder.
Figure 1.18 demonstrates the geometry of the polar cap in the case of adipolefield with its axis aligned with
the rotation axis.

1.6 Applications

Apart from being extraordinarily interesting itself the study of pulsars may provide important information
for several astrophysics's problems other than those closely related to neutron stars.
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Figure 1.17: The polar cap model [Pasachoff, 1998].

Interstellar magnetic field

Pulsar radio waves may be the most accurate means to study the interstellar magnetic field. The idea hidden
behind such probesis very simple.

The high magnetic field occurring at the pulsar causes the radio waves leaving its magnetosphere to be
linearly polarized. Thisis not surprising, of course, since 10'! gauss is a typical magnetic field strength.
While waves propagate through interstellar space they are subject to Faraday rotation due to the weak
interstellar field. Measurements of this effect on the received signals provide us with information about the
magnetic field along the line-of -sight. The estimated magnetic field strength of the interstellar mediumiis of
the order 1 to 10 gauss.

Interstellar electron density

In Paragraph 1.4.3 we discussed the dispersion effect on the received pulsar signals. That discussion implies
an accurate method for probing the interstellar electron density along the line-of-sight. Nowadays, pulsars
serve as means for even mapping the el ectron distribution in the Galaxy, at least for the galactic plane (where
most of the known pulsars are located).

Testing thetheory of General Relativity

The earliest classical test of general relativity involved accurate measurements of the precession of the orbit
of Mercury. Since then, the 34 years of continuous pulsar studies proved pulsars to be an astonishingly
precise system to test the gravitational theory. Timing observationsof PSR B1913+16 gave a strong evidence
for the correctness of the theory.

Millisecond pulsarsasclocks

Unlike normal pulsars millisecond ones display far smaller slowdown rates giving a time scale comparable
with the best atomic clocks. Actually, millisecond pulsars have been measured to lose only one period in
10'? proving to be extremely accurate clocks.

Other applications

Apart from al the above, pulsars give people the opportunity to carry out a long series of projects that
demand extreme precision. For example pulsars may, in the future, serve as gravitational wave detectors.



18 CHAPTER 1. PULSATING STARS

Figure 1.18: The dipole field configuration.

They may also be used to measure the gravitational constant G or even provide atime standard. Hopefully,
we will be hereto enjoy all this.



Chapter 2

Introducing Our Project

2.1 A Brief Revision

Let usrecall the basic points related to the emission mechanisms occurring at neutron stars.

2.1.1 Generalities

Pulsars are fast rotating and extremely magnetized neutron stars constantly converting rotational kinetic
energy into radiation. The observed slowdown rate is attributed exactly to this energy expense.

According to the most contemporary theories, the radiation emitted from pulsarsis believed to occur in
two different locations [Lyne and Graham-Smith, 1998]. The polar cap where the radio emission is taking
place. The outer magnetospheric gap where the high energy emission originates from (optical, x-rays,
gammarrays).

As for the radio regime, which we are interested in, we should recall the following. Radio is emitted as
charged particles are being accelerated along the magnetic field lines. The radiation is coherent, polarized
synchrotron one. The most accepted ideais that of the conical beam. That is, theradio signals are emitted on
acone with its axis parallel to that of the magnetic field. The geometry of pulsar beamsis shown in Figure
2.1

The particular shape of an individual pulse received can be interpreted as the result of the line-of-sight
trajectory tracing the beam cross section. The variation that emerges from observation of individual pulses
disappears as soon as we average asufficiently large number of them to obtain the integrated profilewhich, as
mentioned earlier (Section 1.4.2), isunique for each pulsar and can be taken asits fingerprint for aparticular
frequency. Thereisalink between individua pulses and integrated pulse profiles that is best described by
Lyne and Smith [Lyne and Graham-Smith, 1998]. They state:

The integrated profiles are made up of very varied individual pulses, each of which may
have more than one component: it is the statistical distribution of these components over a
range of longitude, combined with their characteristic width and the probability distribution of
their intensities that determine the repeatable shape of the integrated profile.

2.1.2 Structure of the emitting region

So far, we have avoided to mention anything relative to the exact structure of the emission region. Because
our project involves this specific topic, amore accurate reference appears to be necessary.

Nowadays, two different phenomenological models aretrying to interpret the observed integrated shapes
of radio pulse [Lorimer, 1999]. Figure 2.2 illustrates the idea hidden behind each one of them.

The core-cone model depicts the beam as a core surrounded by a series of nested cones [Rankin, 1983].
In this case, each component corresponds to the intersection of the line-of-sight with a particular region of
either the cone or the inner or the outer cone.

The patchy-beammaodel hasthe beam populated by series of emission regions[Lyne and Manchester, 1988].
That is, the emitting materia is in the form of bunches of particles. In case one of these regionsis on the
observer’s line-of-sight a component appears.

19
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Figure 2.2: Several possible profiles that could be observed with respect to the specific line-of-sight trajectory.

2.1.3 A method to map the emitting region

In the above discussion, we assumed that the distance of the observed emitting region from the surface
of the star is constant. Figure 1.15 illustrates the configuration of the magnetosphere around a neutron
star. As shown there, if it was possible to ‘look’ at different depths into the cone-like beam, we should
perceive changes in the angular distance of integrated pulse components since the actual distance between
the radiating regions would decrease with increasing depth. The expected changes depend on the strength of
the magnetic field since the curvature of the field linesis afunction of B (see Section 2.1.4).

Hence, the above discussion reveals an adequate method regarding the study of the emitting region’s
topology. That is, studying the evolution of several features of the emitting region, beamwidth for example,
over a depth range would provide us with important information about its configuration. Therefore, the
crucial question would be;

“Isit possibleto look at selectively different depths into the cone?’

The answer is fortunately “Yes!”.

It is well known that the depth into an emitting body where the observed radiation originates depends
on the optical depth, which is a function of the observing frequency. For instance, when we ‘look’ at the
surface of the moon with a receiver operating at 10 GH z, we do not really ‘see’ its optical surface but a
layer afew centimeters deeper. In fact, this was the method used in the study of the lunar surface before a
manned space craft was sent to land there.

In summary, different observing frequencies correspond to different depths so that high frequencies
reveal regions deeper in the cone than lower ones. Therefore, we would expect regularitiesin the change of
particular properties of an integrated profile observed at different frequencies. Apparently, such regularities
would be consistent to the magnetic field configuration.
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2.1.4 Frequency dependence of the pulse profile

From both observational and theoretical perspective, people have been trying to figure out what happens at
the polar cap. Thisis reasonable because a knowledge of that sort would be necessary for the construction
of areliable model.

A huge volume of work has been done in the field of pulse profile's dependence on frequency. Such
studies appear to be very illuminating since their correlation with polarization studies can provideinvaluable
information concerning the structure of the emitting region. From al the so far proposed ideas we will only
focus on what is observationally proved to describe the evolution of beamwidth over frequency.

Assuming an aigned rotator and after rather ssmple calculations one may reach a relation between
the beamwidth and the observing frequency. From the observationa point of view it has been deduced
[Lyne and Graham-Smith, 1998] that for most individual pulsars the above relation below 1 GH z, is of the
form:

Beamwidth oc f~/* (2.1)

With f being the observing frequency. Nevertheless, we should point out that such studies involve many
parameters which are not well established. For example, the relation between the observing frequency and
the associated distance from the surface of the star, is not well known.

What is very interesting in the context of the present work, is atheoretical proposition made by Professor
F. G. Smith during personal communications [Smith, 2000]. According to Professor Smith it is possible to
give atheoretical relation between the beamwidth, 8, and the frequency f. In what follows we present this
theoretical relation and in paragraph 2.2.1 we describe how this relation happily led to the extension of the
initially scheduled work. Let usfollow hisidea.

The magnetic field lines diverge as:

6 ocr'/? (2.2)

Where, 6 is ameasure of beamwidth and r the distance from the surface of the star. If, therefore, we assume
avery general relation between € and f, of the form:

0o f° (2.3)
Then :
focr™t/?8 (2.9)

Let ustry to estimate the crucia parameter 3. For dipole radiation, the inductance of the magnetic field
is reduced according to:
Bocr™® (2.5)

as a function of . On the other hand, if we assume that the frequency of radiation corresponds to the
gyrofrequency of electronsradiating in amagnetic field of inductance B, we get:
omf=SB (2.6)
m
or
fxB (2.7

Therefore, we expect 5 = 1/6. Hence, the relation between the beamwidth of the emission, ¢, and the
frequency, f, becomes:
6o f1/0 (2.8)

It is expected that such a relation holds for the width of the integrated profile, as well as the width of the
individual components of pulsar profiles.

If instead of the gyrofrequency relation we assume a more general one of theform f o« B ™ (rather than
f o« B), then the relation under investigation, becomes:

g o f1/6m (2.9)

The examination of the above estimation is one of our aims as we discuss | ater.

2.2 Our Project’sDescription

Keeping ourselves aware of all the above, we are in the position to explain the main points of our project.
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2.2.1 Our am
Let us go straight to the statement of our aim. Explanationswill be given immediately after that.

Theinitial aim

Given the frequency dependence of the integrated pulse profile on the observing frequency, as it is proved
via previous extended studies (see Section 2.1.4), we regarded important to examine the following question:

“Do the observed changes of the pulse profile happen rapidly or do they happen gradually?’

In case we observe rapid changes, there exist two alternatives. Either B undergoes a fast change, or an
emission mechanism peculiarity isinvolved.

If the profile's changes happen smoothly over frequency then it is rather impossible for an emission
mechanism characteristic to be the reason.

Trandlating the aboveinto the language of actual study one would underlinethe following. Using closely
sampled observing frequencieswe obtain integrated profiles as stable as possible. That means, profiles made
of number of individual pulseslarge enough to ensurethe stability of the profilefor the given frequency. Suc-
cessively, we go through an estimation of characteristic features of the profile for each different frequency.
Finally, we plot the evolution of each feature over the available frequency range and examine if the changes
happen fast or slowly.

Important notice

Apparently, the above investigation requires observations at as many closely sampled frequencies, which
would not overlap with each other, as possible.

During the summer of 1992 a series of observations had been carried out at Effelsberg under the title
“Five Frequency Project”. The selected pulsars were observed at 1315, 1420, 1510, 1615 and 1710 M H z.
Certainly, amotivation for that project, among others, was the present study.

Unfortunately, data reduction revealed the lack of high quality data. That is, not often the signal-to-noise
ratio was high enough to guarantee reliable results. A more detailed discussion about this topic is included
later.

The additional project

Thetheoretical model discussed in paragraph 2.1.4 made it obligatory to survey the uniform pul sar database
at Jodrell Bank in order to include additional data for the pulsars under study. Soon we redlized that the
observing frequencies there were not as closely sampled as to perfectly support our study.

Nevertheless, we went on compiling data that were used in order to extend our study. That is, we
concluded that it would beinteresting to carry out a broadly sampled frequency study for the specific neutron
stars under examination. Moreover, wetried to fit modelsto the observational datain order to decide whether
the orthogonal rotator model, proposed by Smith [Smith, 2000], is consistent with the observations. For this
very issue we should sincerely thank Professor F. G. Smith with whom personal communi cationswere more
than exciting. Professor Smith carried out the cal culations we presented in paragraph 2.1.4, personally.

Of course, studies of the frequency devel opment of pulsar profiles has been done before for some pulsars;
but, nevertheless we regarded a careful extension to our project, in order to examine the proposal made by
Professor Smith, as very useful.

2.2.2 Attempting toreach our aim

Section 2.2.1 implies that in order to reach an answer to our question we should investigate the frequency
evolution of severa properties of the integrated profile. And because the depth where the observed signal
originates from is a function of the observing frequency, any correlation between such a property and the
frequency will be equivalent to arel ation between that property and the observed depth. Hence, thefrequency
evolution of a property is, in terms of physical meaning, the evolution of the emitting region configuration
over a depth range. What is necessary then for an approach to our aim is to establish a set of properties
whose relation with frequency should be examined.

Thefirst correlation to investigate would be that between frequency and pulse width (whatever its def-
inition is). The deeper we ‘look’ in the cone, the narrower its cross section is. Further, we would expect
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a frequency dependence of the separation of peaks for reasons similar to the above. Findly, the rela-
tion between frequency and the ratio of peaks of individual components was also studied. The driving
force for this study originates from the assumption that different components possess different spectral in-
dices. Specifically, Rankin proposed that the core component has a more steep spectrum than the conal
ones [Rankin, 1983]. This very issue has been further investigated and confirmed by Lyne and Manchester
[Lyne and Manchester, 1988].

What we have studied in the present project is the evolution over frequency of the three properties
mentioned above. That is, we investigate the frequency dependence of:

e Pulse width at 50% of peak flux (1W5g07)-
e Pulsewidth at 10% of peak flux (1Wg)-
¢ Pulse equivalent width (17,,).

e Angular separation between flux peaks.
o Ratio between flux peaks.

It isimportant to point out that the above features have been studied for both cases; For closely sampled
frequency (data from Effelsberg) as well as for broadly sampled ones (data from Jodrell Bank).

2.3 Resources

2.3.1 Dataresources

As we mentioned in the previous Section, the present work’s aim is the study of frequency evolution of
several specific integrated profiles' features. Therefore, the first requirement was to find pulsars observed
at a sufficiently large frequency range. Initially, this demand restricted our options only to pulsars observed
during the so-called “Five Frequency Project”.

Obvioudly, it has been of great importance to obtain stable profiles for each particular pulsar that we
studied. That meant that the number of pulses averaged for the construction of each profile was carefully
selected to consist of a sufficiently large number of single pulses. This was a second reason for our options
to be further limited.

Moreover, the nature of our project demanded as high signal-to-noise ratios as possible. This need
emerged mainly from the fact that two of the parameters of our study were the separation and the ratio
between components. Hence, profiles of high signal-to-noise ratios are necessary for estimations of the
height and the location of aflux peak. Reasonably, this introduced an additional restriction.

Fortunately, the last two requirements are satisfied together. Given that noise is a random phenomenon,
it is clear that the more numerous the averaged pulses are, the smaller the noise fluctuations in intensity
become. This results from the fact that the median of a number of random fluctuations around a constant
value, approximates that constant value when their number goes to infinity.

In the present study the data used were selected from a large body of observation obtained either with
the 76-m Lovell Radio Telescope (Figure 2.3) at Jodrell Bank Observatories (University of Manchester), or
the 100-m Effelsberg Radio Telescope (Figure 2.4) near Bonn (Max Planck Ingtitute for Radioastronomy).

In general, the frequency range was from about 1315 MHz up to 1710 MHz for the Effelsberg Radio
Telescope data and from roughly 200 MHz up to 4850 MHz for the Lovell Radio Telescope.

Actually, the data compilation was separated into two steps. At first we compiled datafrom the Effel sherg
Radio Telescope taking into account al the restrictions stated in the above discussion. In a second step we
tried to increase the number of available frequencies (for the already selected pulsars) with data from the
Lovell Radio Telescope. In other words, the available records at Effel sherg guided us to the selection of the
final group of pulsars to be studied. The reason for setting this criterion was the better time resolution that
in general characterizes the observations at Effelsherg.

In most cases, although the available number of pulses was sufficiently large, the compilation of good
quality profiles was not astrivia as it may appear at first. The difficulties aroused from the low intensities
that usually pulsars emit.

In Table 2.1 we present the main characteristics of the pulsars that finally ‘ passed our tests'. The infor-
mation is extracted from the textbook Pulsar Astronomy [Lyne and Graham-Smith, 1998]. Inthe Notesfield
G standsfor ‘ Glitch activity’.
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Figure 2.3: The 76-m Lovell Radio Telescope (Jodrell Bank Observatories).

Table 2.1: The compilation of pulsars we have studied.

B name Jname I b DM Distance P Notes
deg deg em ™3 pc kpc ms

0525+21 0528+2200 1839 -6.9 51 23 3745.521 G
0540+23 0543+2329 1844 -33 78 35 245974
0740-28  0742-2822 2438 -24 74 1.9 166.761
1702-19  1705-1906 32 13.0 23 12 298.987
1742-30  1745-3040 3586 -1.0 88 21 367.427
1822-09  1825-0935 214 13 19 1.0 768.979
1831-04 1834-0426  27.0 17 83 2.3 290.108
1929+10 1932+1059 474 -39 3 0.2 226.518
2319+60 2321+6024 112.1 -0.6 95 32 2256.488

2.3.2 Software resources
Programsused

Several software packages served as tools for the present work. In the following we give a brief description
for their usage during the analysis. The programs mainly used, are:

1. jhspuls: Pulsar data reduction program (Unix/VM S-Version, Last modified 4 August 1998).
2. bfit: Fitting program (Version 2.0).

3. psrprof: Pulsar profile analysis program (Version 5.1).

4. gnuplot: General plotting program (Unix-Version 3.7, Last modified 7 May 1999).

jhspuls was initially used for the pulsar data reduction from Effelsberg. All the integrated profiles
constructed with Effel sberg data, are produced by it. This program was developed mainly by J.H. Seiradakis
with the contribution of W. Sieber, A. Sievers, A. Jessner and M. Kramer. During our project jhspuls could
handle only EPOS format. Recently it has been modified by J. H. Seiradakis and A. Noutsos to read EPN
format as well [Seiradakis and Noutsos, 2000].

The reduction of data obtained with the Lovell Radio Telescope was done with psrprof. The way that
it was used during the actual work was similar to that of jhspuls. It served as atool to investigate the data
base at the Jodrell Bank Observatories and successively to construct each integrated profile.

Probably the most important tool for our study was bfit. It was used to fit a set of gaussians to a given
profile in order to obtain the widths (Wsq9,, W19, and We,). Moreover, it was used to estimated the height
(P;) and the center (C;) of each flux peak. It has been developed by Dr M. Kramer [Kramer et al., 1994].



2.4. ANALY SIS PROCEDURE 25

Figure 2.4: The 100-m Effelsberg Radio Telescope (Max Planck Institute for Radioastronomy, Bonn).

To conclude with, gnuplot served as a standard plotting package as well as atool for fitting models to
our observations. All the plots that follow in this text have been produced with it. gnuplot is supported by
both UNIX and Linux operating system.

Softwar e peculiarities

The experience gained by the usage of the software discussed previously, allows us to make some comments
regarding their reliability. Asfor the data reduction packages (i.e. jhspuls and psrprof), we take the opinion
that any of the trivial hints we encountered was due to the specialization of our project. In fact, thisis
expected in the field of a scientific project. Especially, when different observing systems and recording
configurations have been used.

Similarly, bfit has not displayed any bugs. The only exception involvesthe case in which onetries to fit
aprofile that has a precursor. If gaussians are necessary to fit side components, then awell known problem
in the estimation of widths emerges. From the very beginning of our actual analysis we were aware of that.
So, we have been carrying out very careful examinations of the profilesin order to become absolutely sure
that our results are reliable.

2.4 AnalysisProcedure

Up to now we have made clear what we intend to study. However, the exact analysis procedure we followed
has not been mentioned yet. In the following we trace back in the most important steps we have made.

24.1 Terminology

To begin with, we should establish a terminology that will be used throughout this document.

It should be noted that whenever the term component is referred to in the text, it is used to indicate a
visualy identifiable flux peak. The term component is not related in the present work with anything else
than that.

During the study of this report the reader will often come across two quantities related to each compo-
nent. Thefirst is its center which will be indicated as C'; (stands for the C'omponent;) where i is an index
to distinguish between several componentsin the same profile. That index has the value of 1, 2, 3 etc. We
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Figure 2.5: Step 1: Averaging the profiles with the highest signal-to-noise ratio, we construct the integrated profile
which will be under investigation. Above, a 1420-M H z observation is illustrated. For the construction of this profile
757 single pulses are averaged.

always count from left to the right of the visually inspected profile. The second isits height in terms of flux
density represented by the symbol P; (standsfor Peak;).

Whenever two adjacent components are separated by aregion of low flux density which is clearly iden-
tifiable, we call this region Bridge. Its position is declared with the symbolic name C' g,;qg. and its height
with the name Pp;;q4.. Figure 3.2 illustrates the above terminol ogy.

24.2 Anexample

Before proceeding to the discussion of the error estimations (Section 2.4.3), it would be useful to provide
the reader with a brief virtual analysis process considering al its steps. The exampleillustrates the study of
PSR B0525+21.

Step 1: Data selection

The first step is to select the appropriate profiles. In other words, for each given frequency we collect the
profiles of the highest signal-to-noise ratio among all the available ones. Averaging all these individual
profiles together we construct the “ stable” integrated one as presented in Figure 2.5. This profile not only is
characterized by stability, but by the relatively high signal-to-noiseratio, as well. At this step we use either
jhspuls or psrprof for datafrom Effelsberg or the Lovell Radio Telescope respectively.

Step 2: Calculations

After having completed step 1 for all available frequencies, we continue with the cal culation of W 540, W19
and W,,. Thisisachieved by using bfit. Figure 2.5 illustrates the profile which we pretend we are interested
in studying. It isimportant to note that in all cases our data were smoothed with smoothing parameter in
bfit set to 1. Then, following the procedure described by Kramer, Wielebinski, Jessner, Gil and Seiradakis
[Kramer et a., 1994] we fit to our profile a collection of gaussians.

The fitting range is carefully selected to be of the same length for all profiles. After having reached
a satisfactory approximation of the actual data, it is trivial to calculate the widths. bfit can automatically
calculate them using the fitted profile. Figure 2.6 presents the result of our fitting procedure.

At this step we aso estimate the height and the center of the components. Thisis done using bfit once
again. The fitting rangeis set to cover only two to four phase bins about the visually selected center of the
peak and subsequently a gaussian is fitted. Figure 2.7 makes clear the idea. The parameters characterizing
that gaussian are assigned to the peak.

Step 3: Study

Although the above two steps may appear to betrivial, they were the most time consuming since the accuracy
of the present work is closely related to that of the above calculations. Once we felt confident with the results
of the previous steps (testing the estimated values by careful inspection of the profiles), we would go on to
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Figure 2.6: Step 2.a Above, thefitted set of gaussians is plotted. The fitting range and the RMSbelt are also indicated.

Frame 1: The set of gaussians is shown together with the actual data. The parameters characterizing the gaussians, are
the ones obtained with the fitting algorithms supported by bfit, that is the ones that correspond to the smallest difference
between the actual data and the fitted profile (i.e. the sum of the gaussians). Frame 2: The actual profileis superposed to
the sum of the set of gaussians. Obvioudly, the two curves fit together enough accurately to be indistinguishable. Frame
3: In the upper plot, the actua profile is shown. In the lower, the post-fit residuals are shown. Notice that the residuals

curve iswithin the RM S belt along the whole fitting range.
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isby fitting agaussian to each flux peak. Thefitting rangeis only afew phase binslong (two in the example we present)
in order to cover the immediate vicinity of the flux peak. It isworth to notice that the fitted gaussian is difficult to be
distinguished from the actual data within the fitting range.



2.4. ANALY SIS PROCEDURE 29

plot the observational points and fit the suggested models. This was carried out by gnuplot which uses the
Marquardt-Levenberg fitting algorithm.

2.4.3 Error estimation

Obviously, the most substantial part of a study based on observationsis the estimation of the errorsin each
calculated quantity. Thisiswhat allows us to test the correctness of the assumptions we have made in order
to reach a certain conclusion and how reliable these are. Moreover, it is the errors which indicate the model
that could be reasonable to be fitted over a given collection of observational points. Therefore, the present
paragraph should be treated very carefully.

Theerror in separation and width

An entity that often appears in our text, is the phase bin. This very concept is the first thing we should
discuss regarding the errors estimation. In order to study a source of electromagnetic radiation, we observe
the photons it emits and record the intensity they ‘carry’. Fundamentally, this is the idea hidden behind the
observation of a pulse profile as well. It is expected that the pulse profile of a pulsar consists of an infinite
number of points, each one of which is associated to an instant measurement of the received intensity. But
thisis not the case. What is really happening is an integration of intensity over a constant time interval (the
phase bin). In other words, the observing system integrates the intensity (or number of photons) that reach
the antenna during the time span of a phase bin and then records it in the storage means. Hence, a pulse
profileis not a smooth curve composed by innumerable points. Figure 2.8 presents the above idea.

It is becoming clear now that the first uncertainty we have to consider is that associated with the center
of acomponent. Indeed, it isnot trivial to decide where the peak islocated. It could be either at the extreme
left of the associated bar or at the extreme right. Therefore, the error of the position of a given point in our
pulseis egual to the phase bin length.

To be more precise, we should mention that the above determines the error only if the dispersion effect
is absent from our observations. But thisis not true. In fact the error in the position of a point on the profile,

At (interms of time), is.
At =\/At3,, + A2 (2.10)

where At pys isthe error due to the dispersion effect and At ; is that due to the sampling rate (the one we
already referred to as ‘phase bin length’). Usually, the data are absolutely free from dispersion and hence
thefirst term of that equation is negligible.

Given the above eguation, what is the error in the separation of two components? Applying the error
distribution formula on the function S that describes the separation, one can easily find:

AS = 0.7- At (2.12)

So far we regarded dispersion effects as negligible. Actually, we took it into account during our errors
estimation. The idea is as follows. Dispersion causes a profile lengthening by a time interval At pas (in
milliseconds), which is given by:

Atpy =83-10°-DM - Af-f73 (2.12)

Where, D M the dispersion measure, f the observing frequency and A f the observing bandwidth.

After all the above calcul ations we decided that the error in the separation is given by Equation 2.11 with
At being the longer between the sampling interval (At ) and the dispersion broadening (At pas). Asfor the
widths, there is no need for further discussion since the widths can be considered as separations as well.

Theerror inratio

Avoiding the details, we only give the formula used for the estimation of errors in the component ratios, .
The error in theratio r between two flux peaks P; and P; is:

Ar =r /2017 + (rms/P)? + (rms/ P)? (213)

Where rms is a characteristic of the observation.
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Figure 2.8: The phase bin concept. The red line describes what we would see with a data reduction program while the
grey bars represent the actual data.



Chapter 3

Evolution over Broadly Sampled
Freguency Range

This chapter serves as the report for the project based on broadly sampled frequencies. That is, based on
data compiled from the Jodrell Bank pulsar data base.

Each Section is dedicated to an individual pulsar in ascending order of pulsar coordinates.

For each pulsar we try to examine if a power law is suitable to fit the observational points. In case this
happens we also estimate the parameters characterizing the power law.

3.1 PSR B0525+21

In Section 2.2 we discussed several criteria for selecting a set of pulsars that would prove interesting to
study. PSR B0525+21 not only satisfied such criteria but moreover played a crucia role in this project.
This pulsar has been previoudly studied concerning the evolution of the separation between its components
[Thorsett, 1991]. Therefore, it proved very useful to use this pulsar as atest for our analysis procedure.

Fortunately, we soon realized that PSR B0525+21 displayed a behavior which was very close to that of
previous studies. Furthermore, it proved to be our best tool to observationaly test the theory put forward in
the previous Chapter and compareits accuracy with previous projects.

3.1.1 General information about PSR B0525+21

PSR B0525+21 lays in the constellation of Taurus (Figure 3.1) at a distance of about 2.3 kpc from us
(its dispersion measure is 51 pc - em™3). Its period is about 3.746 s and its period derivative roughly
40.0321- 10715 s/s giving a characteristic age of about 1.48 - 106 years. Its mean flux density at 400 M H z
isabout 57 m.Jy whereas at 1400 M H z, about 9 m.Jy. Inthe past it has displayed glitch activity.

3.1.2 A discussion about profile morphology

AsshowninFigure 3.2, PSR B0525+21 displays aninteresting profile. It consists of two distinct components
clearly separated from one another. From Figure 3.2 it isimmediately obviousthat aregion of low intensity
separates them. This region will be called hereafter ‘bridge’.

3.1.3 Integrated profile study

The integrated profiles used in the study of PSR B0525+21, were constructed by averaging large numbers
of single pulses. Each individual observation was carried out with either the Effelsberg, or the Lovell Radio
Telescope.

Although the total observing time dedicated to PSR B0525+21 was again significantly long, our pro-
files were not al satisfactory. In many cases the signal-to-noise ratios were low, implying the necessity of
smoothing. Therefore, al the data were smoothed before being studied. The smoothing parameter in bfit
was set to 1.

31
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Figure 3.1: PSR B0525+21: Itslocation in the constellation of Taurus.
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Figure 3.2: PSR B0525+21: Observed at 21 cm (1420 MHz). The terminology used in the text is also indicated.
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Table A.1 contains al the values which are useful during the study of the analysis. Asit is shown there,
the data cover a frequency range from 408 up to 4850 M H z. Analytically, the frequencies used, are: 408,
606, 910, 1408, 1667 M H z (Lovell) and 4850 M H = (Effelsberg).

In the following we present the study of the evolution of Wy, Wigy, We,. Moreover, we study the
separation between the two components and the ratio between their peaks. Because of the ambiguity in the
definition of wherethe ‘bridge’ islocated, we refrain from studying the ratio of each one of P, and P, over
Pbridge .

Before proceeding to the actual analysis we should underline, that: Due to the lack of good quality
data from Effelsberg, PSR B0525+21 was studied only for broadly sampled frequencies compiled from the
Lovell Telescope. In other words, what we intent to do hereis to test the hypothesis made in Section 2.1.4
by F. G. Smith.

Evolution of Wigy

Figure 3.3 illustrates the evolution of 175, over a broadly sampled frequency range for PSR 0525+21.
A quick look revealsthat the datafollow a clear regularity. The next step would be to search for amodel
tofit the data. A power law model of the form:

Wson = a - fb (3.1)
gives:
D
a=36+1—2L°% h— _0.107+0.004 (3.2)
MH>

Figure 3.4 presents both the data and the fitted model.
It would be very interesting to investigate the existence of a model of the previous form including the
4850 MHz point from Effelsberg. Figure 3.5 illustrates the result for the values:

Degrees

a=46+2 =
MH>

b= —0.143 £+ 0.006 (3.3)

We finally fit a model of the form Wsgy, = a - f° + ¢ (a power law with an offset) for the last set of
points. The estimated parameters, are

Degrees
MHzZ"’
Figure 3.6 presents the results. From the previous equations it becomes clear that the uncertainty in the

values of a, b and ¢, is huge. Therefore, we regard the former model (i.e. W50 = a - f°) asthe most likely
to represent the actua distribution of the present set of points.

a=2>52+49 b= —-0.078 £0.176, ¢ = —13 Degrees + 64 (3.9

Evolution of Wy

Studying the evolution of W49, over frequency, gave similar results as for Wsqy. Again, tha data are
regularly distributed.

In Figure 3.7 we display the observational points of the form f — 17,5 obtained with the Lovell data
aone. The regular behaviour is obvious. The power law that was fitted to the set of observational points, is
described by the parameters:

D
29T 49, b = —0.089 £ 0.006 (3.5)
MHz

The model plusthe data are displayed in Figure 3.8.

a =38

Evolution of W,

The regular behavior we have met in the cases of Wioy and Wiy, is aso apparent, in the case of W,,.
Figure 3.9 indicates this point.

As Figure 3.10 shows, the approximation of our data with a power law appears to be accurate enough.
The parametersa and b, are:

Degrees

a=35 — 4, b=-0.194£0.019 (3.6)
MHz
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Figure 3.3: PSR B0525+21: the observational f — Wqy, points. The data come from observations at broadly sampled
frequencies (Lovell data).
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Figure 3.5: PSR B0525+21: the observational f — W9, points together with the model Wioo, = a - f°. Effelsberg
point at 4850 MHz is aso present.
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Figure 3.6: PSR B0525+21: the f — Wq points together with the model Wioo, = a - f° + c. The Effelsberg point
at 4850 MHz is also taken into account.
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Figure 3.7: PSR B0525+21: the f — W9 points as obtained with Lovell Radio Telescope.
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Figure 3.8: PSR B0525+21: f — W09, points plus the fitted power law Wige, = a - f°.
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Figure 3.10: PSR B0525+21: f — W, pointsin conjunction with the fitted power law.

After that, we tried to fit a power law with an offset. The values of a, b and ¢ that we have calculated,

are:

Degrees

a = 1665 + 1564 LI b=-1.03+0.169, ¢ = 7.6 Degrees + 0.3 (3.7

b )
z
The error in a is of course non-negligible. On the other hand, it is surprising how well the model fits to the
points (Figure 3.11).

Cadculations similar to the above that took into account the Effelsberg point as well (4850 MHz) proved
to give very bad approximations.

Separ ation between C'; and C,

Theregularity in the evolution of Widths seemsto be present here as well.
At first we tried to fit a power law (Cy — C; = a - f?) to the Lovell data. In Figure 3.12 we present the
results that corresponds to the following values of a and b:

Degrees

a=31 7

+0.4, b= —0.127 £ 0.002 (3.8
Hz

Undoubtedly, we have an interestingly precise approximation with errors only of the order of 1%! Of course
that is something amazing.
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Figure 3.11: PSR B0525+21: f — W, pointsin conjunction with the fitted power law with offset (Lovell data).
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Figure 3.12: PSR B0525+21: evolution of C» — C; as observed with Lovell. The fitted model is a simple power law.

Then we fitted a power law with an offset to the same set of data. That is observations carried out with
the Lovell Telescope. In Figure 3.13 we present the obtained plot. The parameters' values are given by:

Degrees

Hzb

a =32 +4 b= -0.191+0.087, ¢ = 4 Degrees + 4 (3.9

Although the appearance of that plot isimpressive, the errorsin the estimation of a, b and ¢ are large enough
to prevent us from regarding the power law with offset areliable model.

We repeated the two previous steps (power law and power law with offset) in the case that our Lovell
data were corroborated with the 4850 M H z observation from Effelsberg. Figure 3.14 illustrates the result.
The best fit parameters, a and b, are:

Degrees

a=27 7
MHZz

+£1, b= —0.104 £ 0.004 (3.10)

In Figure 3.15 we present the calculations for a power law with an offset. The best fit values of a and b,

are:
Degrees

a =55 .
MHz

+9, b=-0.376 £ 0.037, ¢ =9 Degrees £ 0.3 (3.11)



38

CHAPTER 3. EVOLUTION OVER BROADLY SAMPLED FREQUENCY RANGE

Figure 3.14: PSR B0525+21: the evolution of C> — C. Thefitted power law is also shown. Here we took into account
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Figure 3.13: PSR B0525+21: evolution of C» — C together with the fitted power law with offset.
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Figure 3.16: PSR B0525+21: The evolution of P, /P2 over abroadly sampled frequency range (Lovell data).
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Figure 3.17: PSR B0525+21: The evolution of P, /P2 over a broadly sampled frequency range plus the power law
(Lovell data).

Evolution of ratio between P; and Ps

So far, PSR B0525+21 seems to exhibit an interestingly regular behavior. The evolution of P/ P», isnot an
exception. In Figure 3.16 we present the distribution of the points that correspond to 408, 606, 910, 1408
and 1667 M H z. The parametersa and b for the power law in Figure 3.17, are:

D
a=372T2 408, bh=—0.198+0.038 (3.12)
MH=z
Now, if wetry to extend the frequency range adding the observation at 4850 M H z, the parameters become:
D
a=4"92 105 bh=—0.217+0.020 (3.13)
MH~z

Figure 3.18 displays the resulted plot.

A brief discussion

From the above study it becomes clear that the devel opment of the characteristic propertiesof PSR B0525+21,
is interestingly regular. The power law appears to be suitable to describe the behavior of the data. Particu-
larly, the separation C'; — C'; isvery accurately described by the power law.
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Figure 3.18: PSR B0525+21: The evolution of P; / P2 over abroadly sampled frequency range plus the observation at
4850 MHz.

Nevertheless, the parameter b is not that close to the value 6, which is expected according to the theory
proposed by Smith (see Section 2.1.4). The best approximation appears in the case of W, where this
parameter is assigned the value 5.3.

3.2 PSR B0540+23

PSR B0540+23 does not possesses an extraordinary profile. It exhibits a rather simple profile that may
consist of anumber of “hidden” components. Figure 3.20 illustrates atypical observation at 21 cm.

3.2.1 General information about PSR B0540+23

PSR B0540+23 is located very closely to PSR B0525+21 (Figure 3.19). It islocated 3.5 kpc from the Sun.
Its dispersion measure is about 78 cm ~3pe. It rotates with a period of 245.974 ms. It displays a slowdown
rate of about 15.4 - 10715 s/s which implies a characteristic age of roughly 0.25 - 106 years. Its mean flux
density at 400 and 1400 M H z is 29 and 9 m.Jy respectively.

3.2.2 A discussion about profile morphology

Its profile morphology does not invoke any particular impression. In fact it represents very well the light-
house model with asimple gradual increasein intensity that fades out after awhile. This characteristic made
it impossible to study anything else than the widths. Figure 3.20 presents atypical 21-cm observation.

3.2.3 Integrated profile study

The bad signal-to-noise ratio that characterizes observations with the Effelsberg Radio Telescope, pre-
vented us from carrying out the closely sampled frequency project. Hence, we only studied observations
obtained with the Lovell Telescope. Specificaly, the used frequencies were: 410, 606, 926, 1376, 1412 and
1642 M H 2.

Evolution of Wyqo

In Figure 3.21 the evolution of W5y, is presented. Although it displays a smooth behavior, the power law
seems to be absent.
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Figure 3.19: PSR B0540+23: its location in the heavens.
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Figure 3.20: PSR B0540+23: A typical 21-cm observation.
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Figure 3.21: PSR B0540+23: The evolution of W59, over abroadly sampled frequency range.
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Figure 3.22: PSR B0540+23: The evolution of T, over abroadly sampled frequency range.

Evolution of W,y

Quialitatively speaking, the evolution of 17y, as shown in Figure 3.22, is very similar to that of Wqy.
Hence, no power law is present here and therefore we will not try to fit any model.

Evolution of W,

Once again, the correlation between frequency and 15,4, Seems to be of the same sort with the relation
between frequency and We,.

A brief discussion

PSR B0540+23 may display asimple profile but we share the opinion that the above results are interestingly
important, at least inasense. That is, the fact that three characteristic features of an integrated profile seemto
evolve following a qualitatively similar law, is a strong evidence for the correctness of the analysis method.
Concerning the simplicity of the profile shape, we become even more confident for the reliability of our
method since the possibility for a mistaken estimation of a property, is minimized.

On the other hand, an attempt to find amodel, other that a simple power law, suitable for fitting the above
distributions would be, at least, motivating. The regularity possessed by these points impliesthat there must
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Figure 3.23: PSR B0540+23: The evolution of ., over a broadly sampled frequency range.

be a hidden law determining their behavior.

3.3 PSR B0740-28

Similarly to the case of PSR B0540+23, PSR B0740-28 has a gaussian-like pulse shape. Obviously, only
widths can be studied.

3.3.1 General information about PSR B0740-28

PSR B0740-28 is located 1.9 kpc from the Sun in the constellation of Puppis (Figure 3.24). Its dispersion
measure is 73.77 ¢cm 3pe. Its period is 166.761 ms with a derivative of roughly 16.8 - 1015 s/s. Its P
corresponds to a characteristic age of about 0.16 - 10% years. The mean flux density at 400 and 1400 M H =
is 296 and 23 m.Jy respectively.

3.3.2 A discussion about profile morphology

Since no complication or peculiar structure appears on the profile (Figure 3.25), we proceed with the study
of widths only. Note that once again the only available observations are those from the Lovell Telescope.
The frequencies used to derive the following plots, are: 234, 326, 413.9, 606, 925, 1396, 1420, 1594, 1616
and 1642 M H z.

3.3.3 Integrated profile study

As it has aready become clear, only Jodrell Bank data are available. Hence, we proceed to the broadly
sampled frequency study.

Evolution of Wygy

In Figure 3.26 weillustrate the evolution of T754,. Althoughit is not that obvious, the points are distributed
in amanner that reminds us that of PSR B0540+23. Later we will discuss this point.

Evolution of W,y

In Figure 3.27 we present the derived plot for the evolution of W yy,. Apparently, the points are widely
scattered but still they exhibit aregular pattern.
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Figure 3.24: PSR B0740-28: Itslocation in the constellation of Puppis.
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Figure 3.25: PSR B0740-28: A typical 21-cm observation.
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Figure 3.28: PSR B0740-28: Equivalent width versus frequency.

Evolution of W,

In Figure 3.28 we show the points corresponding to the f — W, data.

A brief discussion

It is interesting that, although the points are more scattered than in the case of PSR B0540+23, till they
show a somehow similar behavior. That is, initiating from large values, W g, fallsfairly fast to a regime of
low values around 1 G H z and then increase again.

This become even more interesting if we pay attention to the fact that the same distribution is apparent,
more or less, for the three widths. Of course, we could repeat the same statement concerning the evidence
for correctness of our analysis procedure. But we are of the opinion that may be alaw other than a power
law would probably be of physical meaning.

34 PSR B1742-30

Undoubtedly, it would be very interesting to have both Jodrell Bank and Effelsberg data available for all
the pulsars we study. Except for some particular cases this is impossible. PSR B1742-30 is one of the
exceptions. That is, in the following presentation we disclose a study based on broadly sampled frequencies.
In Section 4.2 we present the study based on closely sampled frequencies.

3.4.1 General information about PSR B1742-30

PSR B1742-30islocated 2.1 kpc from our Sun in the constellation of Scorpius (Figure 3.29). Its dispersion
measure is about 88 cm ~3pe. It rotates once every 367.427 ms having a slowdown rate of approximately
10.7 - 10715 s/s. These values deduce a characteristic age of roughly 0.5 - 10% years. At 400 M Hz itsa
mean flux density is66 mJy. At 1400 M H z its mean flux density is about 14 m.Jy.

3.4.2 A discussion about profile morphology

Before any comment concerning the integrated profile’s properties, it would be very illuminating to begin
with the description of a peculiarity we encountered during the actual analysis. In paragraph 2.3.2 we
discussed the small (but yet crucial) difficulty in defining the limits of W gy or Wy, in particular cases.
As we commented there, the problem arises only if 'side’ gaussians are necessary to be added (for a more
detailed discussion one can have alook through paragraph 2.3.2).

For PSR B1742-30 it came up that the problem was non-negligible. Even though the residuals between
the actual data and the sum of the fitted gaussians had been restricted within the RMS "belt’ throughout the
wholefitting region, bfit returned 17, ¢y, and Wqy, valuesthat seemed completely unreasonable. Therefore,
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Figure 3.29: PSR B1742-30: Its location in the constellation of Scorpius.
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Figure 3.30: PSR B1742-30 : A typical 1380-M H » observation.
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we ended up with the idea that the optimal way to overcome this hint was to study the main pulse separately
from the precursor. In Figure 3.30 one can inspect the pulse profile displayed by PSR B1742-30.

3.4.3 Integrated profile study

Here we present the plots resulted from the study based on Jodrell Bank data alone. Later we repeat the
procedure for data obtained with the Effelsberg Telescope. At present we base our study to the usage of:
410, 606, 925, 1380, 1412 and 1642 M H z.

Evolution of Wiy

In Figures 3.31 and 3.32 we present the plot showing the evolution of 1 54, for both the main pulse and the
precursor. It obviousthat it isimpossible to fit a power law with the parameter b to be assigned a negative
value.
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Figure 3.31: PSR B1742-30: The evolution of main pulse's Wy
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Figure 3.33: PSR B1742-30: The evolution of main pulse's Wiy
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Figure 3.34: PSR B1742-30: The evolution of main pulse's W,

Evolution of Wy

Jodrell Bank data appear to lead us to unreliable results regarding the evolution of precursor’s 10% width.
Therefore, in Figure 3.33 we show only what corresponds to the main pulse.

Evolution of W,

In the case of equivalent width, the data seem to give good results even for the precursor. Figures 3.34 and
3.35 illustrate what we have obtained.

Separ ation between main pulse and precur sor

The separation between main pulse and precursor is most likely to obey the familiar to us power law. In
Figure 3.36 the observational pointstogether with thefitted power law which correspondsto the parameters:

Degrees

a=21 — £0.7, b = —0.054 + 0.005 (3.149)
MHz
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Figure 3.36: PSR B1742-30: separation between main pulse and precursor.
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The evolution of P,ginpuise / Pprecursor S2EMS to obey the power law. In Figure 3.37 we present the results.
The parameters have the values:

Degrees

a =41 — +13, b= —0.321 £ 0.047 (3.15)
MHz

A brief discussion

Except for the separation between main pulse and precursor (Figure 3.36) and the ratio of the peaks asso-
ciated with them (Figure 3.37), all the other studied properties display the same behavior over frequency.
Hence, it isvery likely that a physical process, other than a power law, governstheir devel opment. Note that
dramatic changes seem to happen around 1400 M H z.

3.5 PSR B1822-09

3.5.1 General information about PSR B1822-09

PSR B1822-09is placed in the constellation of Scutum, 1 kpc from the Sun. Its dispersion measure is about
19 em~3pc. Its period is approximately 768.979 ms and its derivative 52.4 - 10 =15 s/s. Therefore, the age
characterizing it is about 0.2 - 10° years. Its mean flux density at 400 and 1400 M Hz is 36 and 11 m.Jy
respectively.

3.5.2 A discussion about profile morphology

In Figure 3.39 we provide the reader with atypical 21-cm observation. Asit is shown there, PSR B1822-09
has a very interesting profile made of two clearly separated peaks and an inter-pulse as well.

3.5.3 Integrated profile study

Using observations obtained with the Lovell Telescope at frequencies of: 408, 608, 925, 1380, 1419.5, 1616
and 1642 M H z, we studied the behavior of the widths. In addition, we studied the separation and the ratio
between main pulse and inter-pulse. We refrain from giving results about the inter-pul se'swidths. Although,
calculations have been done we regard the results unreliable due to its weakness.

Before presenting our results it is important to note the following. W g9, was studied only for the main
pulse, ignoring the precursor. This was donein order to avoid the aready mentioned problem displayed by
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Figure 3.38: PSR B1822-09: Its location in the constellation of Scutum.
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Figure 3.39: PSR B1822-09: A typical observation at 1420 M H z.
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Figure 3.41: PSR B1822-09: The overall W,.

bfit. For similar reasons we have not studied W, ,4,. However, ., which is associated to the whole main
pulse (i.e. the precursor and the main component), was studied.

Evolution of main pulse's Wiy

In Figure 3.40 we plot not only the distribution of the observational points but the fitted power law as well.
The later correspondsto:

Degrees

a=15 — £2.7, b= -0.137 £ 0.027 (3.16)
MHz

Evolution of the overall W,

Theoverall ., triesto describe the equivalent width that correspondsto afitting range that coversthe main
pulse and the precursor. The manner in which this quantity changes over frequency is shown in Figure 3.41.
No power law is possible to fit the data.
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Figure 3.42: PSR B1822-09: Separation between main pulse and precursor.
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Figure 3.43: PSR B1822-09: Separation between main pulse and inter-pul se.

Separ ations

Here we gather al the plots related to the separation between two features of the profile. Figures 3.42, 3.43
and 3.44 show the evolution of the separation between the main pulse and the precursor, the main pulse and
the inter-pulse and the precursor and the inter-pul se, respectively.

Ratios

The ratio between the main pul se and the precursor peak flux or the main pulse and inter-pulse are rel ated to
frequency as shown in Figures 3.45 and 3.46.

A brief discussion

Apart from Wy, the characteristic properties of PSR B1822-09 possess a qualitatively similar behavior
though different from the power law. It is noteworthy that the exponent b, characterizing the power law
in the case of Wyq, IS assigned the value 7.1 which is close to what would be expected according to the
proposal made by Smith.
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Figure 3.44: PSR B1822-09: Separation between inter-pulse and precursor.
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Figure 3.47: PSR B1831-04: Itslocation in the constellation of Scutum.

3.6 PSR B1831-04

As will be shown later, PSR B1831-04 has a profile of profound complexity. This fact, in conjunction with
the discussion we have presented concerning the peculiarity of bfit, prevented us from obtaining measure-
ments of Wigo, and Wigo,.

3.6.1 General information about PSR B1831-04

PSR B1831-04 rotates once every 290.108 ms in the constellation of Scutum, 2.3 kpc from the Earth.
It keeps transforming rotational kinetic energy into radiation for at least 23.3 - 106 years at a rate of
0.197-10715 5/s. Its DM is about 19 and its mean flux density at 400 and 1400 M Hz is 77 and 15 mJy
respectively.

3.6.2 Discussion about profile morphology

In Figure 3.48 we present atypical observation of PSR B1831-04 at 1404 M Hz. A quick glance through
that picture reveals an amazing structure characterizing the profile. This complexity made it impossible to
work out reliable cal culations of the widths. In the following only estimations of W ., have been undertaken.

3.6.3 Integrated profile study

Here we focus on the evolution of separations and ratios. The reason for such a decision has been already
explained. We should keep in mind that the following analysisis based on four frequency observations with
the Lovell Telescope at 411, 606, 1380 and 1404 MHz.

Evolution of W,

Figure 3.49 illustrates the results from the study of the equivalent pulse width. Obviously the observational
points are widely spread.
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Figure 3.49: PSR B1831-04: The evolution of W,.
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Figure 3.51: PSR B1831-04: The evolution of C5 — C.

Separ ations

In Figures 3.50, 3.51 and 3.52 we summarize the derived plots for the separation between C'; and the three
remaining components. In the last picture we also present a possible power law to fit the data. Thismodel is
characterized by:

D
a =123 =92 4 7.6, b = —0.037 + 0.009 (3.17)
MHz

Ratios

Let usintroduce now the evolution of the ratio between P, and the rest of the peaks. Figures 3.53, 3.54 and
3.55illustrate the results. The parameters of the model fitting the datain Figure 3.54, are:

Degrees

a=15 —
MHz

+2.8, b=—0.3+0.027 (3.18)
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Figure 3.55: PSR B1831-04: The evolution of P/ P.

A brief discussion

In the above study, the absence of datawithin the range from about 600 M H z up to 1400 M H z, is obvious.
Hence, no safe general conclusions can be reached through the examination of the above plots.

3.7 PSR B1929+10

In the context of the present work what we probably enjoyed most was the study of PSR B1929+10. Asthe
reader will realize later, it displays some interesting regularities. Besides, we started our analysis with this
pulsar. Therefore, one can easily imagine how enthusiastically we received so regular frequency develop-
ment for al the parameters we investigated. The detailed analysis is presented in the following paragraphs.
Moreover, it served (together with PSR B0525+21) as a test for the correctness of our method since it has
been studied, to some extend, in the past.

3.7.1 General information about PSR B1929+10

PSR B1929+10 lies in the constellation of Aquila, not farther than 0.2 kpc from the Sun. Its DM is about
3 pecem 3 and it spins with a period of 226.518 ms. Its sowdown rate is about 1.2-10 1% s/s giving a
characteristic age close to 3-10° years. PSR B1929+10 is strong enough to emit a mean flux density of
303 mJy at 400 M Hz and 41 at 1400 M H .

3.7.2 A discussion about profile morphology

Figure 3.57 depicts a typical observation of PSR B1929+10 at 1418 M Hz carried out with the Lovell
Telescope. Besides the main pulse, this pulsar exhibits an inter-pulse as well. Before proceeding with the
analysis, it would be important to discuss the issue of time resolution which makes a big difference between
observations from different instruments. In Figure 3.58 a similar observation obtained with the Effelsberg
Telescope is illustrated. During the Effelsberg observation the time resolution was 220 us whereas during
the Jodrell Bank observation it was only 566.3 s. As one can easily notice, there are important differences
between these two Figures. In the later profile there are three * peaks’ clearly seen in the main pulse, whereas
in the former one, only oneis obvious.

On the one hand, such an effect can be attributed to the difference between the de-dispersion channel
bandwidths. If the de-dispersion channels are too wide then the pul se broadening due to interstellar medium
becomes significant. Hence, the congenital structure of the pulse may disappear.

On the other hand, it can be due to the low time resolution used during the observation. Obviously,
arelatively low time resolution can smooth out the profile *hiding’ the possible fine structure intrinsically
existing in the pulse.
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Figure 3.56: PSR B1929+10: Itslocation in the constellation of Aquila
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Figure 3.57: PSR B1929+10: Observed with the Lovell Telescope at 1418 M H z.

In the case of PSR B1929+10, the difference between the time resolution used for these two particular
observations, is large enough to cause the effect discussed previously. Since the total number of superposed
pulses was sufficiently large to provide stable profiles, in the subsequent analysisit is consequently assumed
that the ‘real’ number of peaksisthree. Of coursein this section that we focusonly on Lovell datawe refrain
from studying separations and ratios between components pretending that they do not exist. In Chapter 4,
where we base our study exclusively on Effelsberg data, we study individual components as well.

3.7.3 Integrated profile study

Based on Lovell observations we proceed in presenting the evolution of profile’s characteristics. The fre-
guencies used, are: 237, 325, 410, 611, 925, 1396, 1418 and 1642 M H z.

Widths' evolution

Here we compile all the plotsillustrating the frequency dependence of widths. Estimations have been made
for both the main pulse and the inter-pul se. Specifically, in Figure 3.60 we present afitted power law aswell.
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Figure 3.58: PSR B1929+10: Observed with the Effelsberg Telescope at 1410 M H z.
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Figure 3.59: PSR B1929+10: Main pulse's Wiy

Its parameters, are:

Degrees

a =48 — £4,b=-0.122+0.014 (3.19)
MHz

Separ ation between main pulse and inter-pulse

In Figure 3.64 we give the plot describing the evolution of the separation between the main pulse and the
inter-pul se.

Evolution of Pmainpulse over Pinter—pulse

Figure 3.65 presents the evolution of the ratio P, qinpuise / Pinter—pulse -

A brief discussion

Although the development of main pulse’s W49, Seems to be in good agreement with a power law, al the
other properties display abehavior that significantly diverges from what would be expected according to the
theory presented in Section 2.1.4. Still, aregularity in the distribution of all the characteristic propertiesis
rather obvious.
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Figure 3.60: PSR B1929+10: Main pulse's W49 With afitted power law.
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Figure 3.61: PSR B1929+10: Main pulse’s equivalent width.
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Figure 3.62: PSR B1929+10: Inter-pulse’'s Wy .
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Chapter 4

Evolution over Closely Sampled
Freguency Range

The present Chapter is to satisfy our initially planed aim. That is, to study the evolution of integrated
pulse profile over a frequency range that has been closely sampled. After having done so, an answer to the
question, “do the observed profile changes happen fast or gradually?’, may be reached.

The forthcoming text is organized in sections each one of which is dedicated to an individual pulsar. The
sections are in the order of pulsars’ galactic coordinates.

At the beginning of each section atypical profile gained with the Effel sherg Radio Telescopeis presented,
even if asimilar profile was presented in the previous chapter. This is necessary since, in most cases, the
time resolution is significantly higher from that supported by the Lovell Radio Telescope.

41 PSR B1/702-19

PSR B1702-19 is thefirst pulsar to be studied with observations taken with the Effelsherg Radio Telescope.
Therefore, we shall carefully follow the associated analysis.

4.1.1 General information about PSR B1702-19

Figure 4.1 indicates that PSR B1702-19 is placed in the constellation of Ophiuchus, 1.2 kpc from our solar
system. Its estimated DM is about 23 ¢m ~3pe. It has a period of 298.987 ms and a P of 4.1.107'% s/s.
Hence, its characteristic age is approximately 1.2-10° years. 1ts mean flux density for observations at 400
and 1400 M H z isrespectively 29 and 8 m.Jy.

4.1.2 A discussion about profile morphology

Apart from being the first pulsar to be studied in the context of our initially planed project (that isto examine
how fast the profile changes happen using closely sampled frequencies), PSR B1702-19 possesses a profile
of astonishingly interesting structure. As shown in Figure 4.2 and 4.3 it has a multi-component profile
following an inter-pulse of fairly high flux. In Figure 4.2 we also indicate the used terminology.

4.1.3 Integrated profile study

From all the components present on its profile we only study the relation between C'; and C,. The reason
for this decision is obvious after a careful investigation of the profile. Only C'; and C- have a clearly
distinguishable peak so that one can estimate their center.

Moreover, we study the widths' evolution for the inter-pulse and of course its separation from the main
pulse. Keep in mind that the observations are from Effel sherg, they have been carried out at closely sampled
frequencies and the profiles have been smoothed before any calculation. The smoothing parameter was set
to 1. The frequencies used were: 1315, 1410, 1510, 1615and 1710 M H z.

65
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Figure 4.1: PSR B1702-19: Itslocation in the constellation of Ophiuchus.
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Figure 4.2: PSR B1702-19 : The main pulse at atypical 21-cm Effel sberg observation.

Evolution of main pulse's Wiy
In Figure 4.4 we present the evolution of main pulse’s W 54¢,. Remember that the data are only from Effels-

berg. In fact we have tried to fit a power law to the data but the errors are huge. Therefore, alaw of thiskind
isinappropriate to fit data associated with closely sampled frequencies.

Evolution of main pulse’'s Wiy

In Figure 4.5 the derived plot illustrating the main pulse’s W4, distribution versus frequency is shown. No
power law can be fitted to the data.

Evolution of main pulse’'s W,

In Figure 4.6 we present the derived plot for the relation between frequency and the main pulse's W,
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Figure 4.3: PSR B1702-19 : Theinter-pulse at atypical 21-cm Effelsberg observation.
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Figure 4.7: PSR B1702-19: The evolution, aover closely sampled frequency range, of the inter-pulse’s Wi oo

Evolution of inter-pulse’'s Wiy,

In Figure 4.7 we plot the evolution of the inter-pulse’'s W 549, while in 4.8 that of the inter-pulse’'s W, gy .

The evolution of inter-pulse’'s We,

In Figure 4.9 we plot W, versusfrequency.

Discussion about the evolution of widths

Avoiding to give a sophisticated explanation of the observed distributions, we only concentrate on a purely
qualitative description. Obviously, the development of all widths is smooth.

All widths, for both the main pulse and the inter-pulse, display somehow the same behavior. Initiating
with large values they fall to aflat regime (around 1500 M H z) to increase again around 1700 M H z.

Separ ation between C and C,

The separation between C'; and C5, is somehow indicative of the beamwidth of the emission. Therefore, itis
very interesting to test whether it displays a behavior qualitatively similar to that of the widths. Figure 4.10
holds the answer. Obviously we have a dlight deviation from the behavior we encountered so far.
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Figure 4.11: PSR B1702-19: Separation between C; and the inter-pulse.

181,

16 T T T T T

T T T
Effelsberg Radio Telescope °

15 F E
14 F E
13 F E

1.2 F E

P1 over P2

11F E

1F E

09 | E

0.8 1 1 1 1 1 1 1 1
1300 1350 1400 1450 1500 1550 1600 1650 1700 1750
Frequency (MHz)

Figure 4.12: PSR B1702-19: ratio of P, over P,.

Separ ation between C'; and theinter-pulse

What happens with the separation between C'; and the inter-pulse, isillustrated in Figure 4.11.

Evolution of ratio of P; over Ps

Interestingly, the ratio of P; over P, seems to be characterized by a different regularity than the one that
seemed to dominate in the evolution of widths. This becomes clear with Figure 4.12.

Ratio P, or P, over Prp

In Figures 4.13 and 4.14 we plot theratio of P, and P, over Prp respectively.

A brief discussion

Although in all of the above cases the errors are large, a regularity seems to be present. As we aready
pointed out, what is noteworthy is that properties of the same sort (for example the widths) display the
similar behavior. Therefore, it is reasonable for a scholar to become suspicious of a regularity hidden in the
above observations.
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Figure 4.13: PSR B1702-19: ratio of P, over Prp.
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Figure 4.15: PSR B1742-30: A typical Effelsberg observation at 1420 MHz.
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Figure 4.16: PSR B1742-30: Main pulse's observational f — W points (Effelsberg data).

42 PSR B1742-30

General information about PSR B1742-30is given in Section 3.4.

4.2.1 Integrated profile study

The frequencies used, are: 1315, 1408, 1410, 1420, 1510 and 1615 M H z. Asin Section 3.4 we study the
precursor separately from the main pulse (see Figure 4.15).

Widths

The first to examineis the widths, as usually, for both the main pulse and the precursor. Figures 4.16, 4.17
and 4.18 are associated with the main pulse. On the other hand, Figures 4.19, 4.20 and 4.21 correspond to
the precursor.

Evolution of Pmainpulse/Pprecursor

In Figure 4.22 we give the observed evolution of the ratio Po,qinpuise / Pprecursor- It 1S Noteworthy the fact
that though a tendency of the points to follow a power law is implied, the calculations of the parameters a
and b of such amodel displayed huge errors. That is the reason for not presenting that plot.
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Figure 4.17: PSR B1742-30: Main pulse's observational f — Wiy, points (Effelsherg data).
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Figure 4.18: PSR B1742-30: Main pulse's observational f — W, points (Effelsberg data).
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Figure 4.19: PSR B1742-30: Precursor’s observational f — W9, points (Effelsberg data).
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Figure 4.20: PSR B1742-30: Precursor’'s observational f — W9 points (Effelsberg data).
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Figure 4.21: PSR B1742-30: Precursor’s observational f — W,, points (Effelsberg data).
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Figure 4.22: PSR B1742-30: The evolution of Prainpuise / Pprecursor -
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Figure 4.23: PSR B1822-09 : Typical Effelsberg observation at 1408 M H z.

A brief discussion

Although, once again, no power law is present, the behavior of observational points appears to be regular.
We are of the opinion that the most important thing one could mention here, is the dramatic changes that
happen around 1400 M H z.

4.3 PSR B1822-09

The genera characteristics of PSR B1822-09 have already been presented in Section 3.5. Therefore, it is
meaningless to repeat the same information here.

4.3.1 Integrated profile study

The frequencies used in this study were: 1315, 1408, 1615 and 4750 M H z. Keep in mind that at this phase
of our report we give the results from the analysis based only on Effelsberg observations. A quick look
through Figure 4.23 may be useful to refresh the memory about its profile.

Thewidths

In the present paragraph we gather together al the plots that involve the evolution of widths. Figure 4.24
illustrates the evolution of main pulse’'s Wsqy. The plot in Figure 4.25 shows the evolution of the overall
Weq. That is, apart from the main pulse the precursor was in the fitting range as well. In that plot we also
give the fitted power law that correspondsto the parameters:

D
ZEITES 40,1, b= —0.091 + 0.001 4.1)
MH-

a=14
Separ ations

At this point we report the results concerning the separations. Particularly, in Figure 4.26 we present the
correlation between f and Clainputse — Cprecursor- IN4.27 that between f and C'rainpuise — Cinter—pulse -
Finally, in Figure 4.28 we give the evolution of C ,ccursor — Cinter—pulse -

Ratios

The ratio Ppginpuise / Pprecursor €v0lVes as shown in Figure 4.29. Figure 4.30 displays the evolution of

Pmainpulse - Pinter—pulse-

4.4 PSR B1831-04

The general information about PSR B1831-04 has already been givenin Section 3.6.
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Figure 4.25: PSR B1822-09: The overall W, and the fitted power law.
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Figure 4.30: PSR B1822-09: The evolution of Prinpuise — Pinter—pulse-
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Figure 4.31: PSR B1831-04 : Typical Effelsberg observation at 1420 MHz.

4.4.1 Integrated profile study

An observation obtained with the Effel sberg Radio Telescopeat 1420 M H z ispresentedin Figure 4.31. The
frequenciesthat used for its study, are: 1315, 1420, 1510 and 1710 M H z.

Equivalent pulse width

Figure 4.32 illustrates the results concerning the equivalent pulse width.

Separ ations

Let us present Figures 4.33 and 4.34 which describe the evolution of C'5 — C; and Cy — C; over frequency,
respectively.

Ratios

Figures 4.35 and 4.36 summarize the evolution of ratios.

A brief discussion

The plots presented above, make clear that PSR B1831-04 is atypical example of fast changes. Therefore,
it would be very illuminating to investigate what is the reason for these modifications of the profile.
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Figure 4.35: PSR B1831-04: The evolution of Py /Ps.
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Figure 4.37: PSR B1929+10 : Typica Effelsherg observation at 1420 M H z.
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45 PSR B1929+10

Using observations carried out at Effel sberg we studied the behavior of PSR B1929+10 at 1408, 1410, 1420,
1470, 1615 and 4750 M H z. General information about it is available in Section 3.7.

45.1 Integrated profile study

Before proceeding, it would be useful to inspect atypical Effelsberg profile of PSR B1929+10 (see Figure
4.37). Comparing it with an observation with the Lovell telescope clearly demonstrates the importance of
time resolution. This discussion has aready been done in detail in Section 3.7.2.

Widths

Dueto datainsufficiency in the following we present widths measurementsfor the main pulse, only. Figures
4.38, 4.39 and 4.40 reveal the interesting evolution of W54y, 10%,¢, respectively.

Separationsand ratios

Figure 4.41 displays the correlation between the frequency and C'» — €', whereas 4.42 that between f and
P,/ P . Findly, in Figure 4.43 theratio Py / Pinter—puise 1S Shown.
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Figure 4.44: PSR B2319+60: Itslocation in the constellation of Cassiopeia.

A brief discussion

What is the most noteworthy to mention here, is the fast changes observed at around 1400 M H z. A further
discussion about this issue will follow in Chapter 5.

4.6 PSR B2319+60

The reader will realize that it is the first time to mention PSR B2319+60. Although, only its W4y and W,
have been examined, we share the opinion that their evolution is very interesting. Hopefully, thisis reveaed
during the following report. x

46.1 General information about PSR B2319+60

PSR B2319+60 is located in the constellation of Cassiopeia, 3.2 kpc from the Sun. Its DM is about
95 em~3pe and its period roughly 2256.488 ms. Its sSlowdown happens at a rate of about 7-10~1° s/s
implying a characteristic age of about 5.1-106 years. At 400 M Hz it gives a mean flux density of about
36 m.Jy and at 1400 M H z about 12 m.Jy.

4.6.2 A discussion about profile morphology

In Figure 4.45 we present atypical 1410-MHz observation. As shown there, its wide profileis interestingly
complicated. Due to dramatic changes of the profile that we have noticed to happen, we only study W 14
and equivalent pulse width. Nevertheless, an amazingly regular behavior has been disclosed to us.

4.6.3 Integrated profile study

The frequency range available for the study of PSR B2319+60, together with PSR B1702-19, was the most
complete among that corresponding to the rest of the stars we studied. In detail, we have used 1315, 1420,
1510, 1615 and 1710 M Hz. Based on these data we present the evolution of W gy and We,. It is fun-
damental to notice that due to its long period (2.2 s), the number of averaged individual pulses is not very
large.
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Figure 4.45: PSR B2319+60 : A typical 1410-MHz Effelsberg observation.
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Figure 4.46: PSR B2319+60: The evolution of W,y and the fitted power law.

Theevolution of Wy

In Figure 4.46 we give the evolution of 1. Itstendency to follow a power law is obvious. We havefitted
the observational pointswith a power law of:

Degrees
MHz"

It appeared to us interesting to attempt a linear fit aswell. That is, we tried to fit a straight line of the form
Wiow = a - f + b. Thecalculated a and b, were:

a =48 +3, b=—0.108 £ 0.008 (4.2)

Degrees
——— +0. = +0. .
Ui 0.0001, b = 24 Degrees £ 0.2 (4.3)

a = —0.002
In Figure 4.47 we give the derived plot.

The evolution of W,

In Figure 4.48 we present the |ast plot. It describes the evolution of 17,.
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Chapter 5

An Overall Discussion

In the present chapter we try to point out the most outstanding issues we came across during the above
study. The detailed investigation of our analysis conclusionsis not the intention of this report. An extended
examination of our results will be undertaken in the future.

5.1 General Remarks

Often in the previous presentation, it was mentioned that the tendency of propertiesof the same sort to follow
qualitatively similar development, was regarded as a strong evidence for the correctness of our analysis
method. Moreover, we are of the opinion that, in the cases of smooth development, an unexpected hidden
law may govern the behavior of the observational data.

Asone can easily notice from the above presentation, the errors characterizing the observationsare large.
Therefore, askeptical reader could assume, for instance, alinear correlation to describe the smooth evolution
of some of the propertieswe have studied rather, than apower law aswe actually did. The above statement is
undoubtedly reasonable. Nevertheless, provided the, at least at first sight, correctness of the theory proposed
by Smith, we share the opinion that the first to be investigated is the existence of a power law. Besides, the
tendency of the observational pointsto follow a power law decay, is obviousin some cases (see Section 3.1).

5.2 Broadly Sampled Frequency Range

In the context of the study of the profile evolution over a broadly sampled frequency range, we searched for
a power law to describe the observations. It is of great importance to point out that the exponential decay
is expected, according to Smith, only for the measures of beamwidth (such as the widths or the separation
between individual components). That is, the power law is not expected to fit the devel opment of ratios.

Extending the discussion about the power law, it is crucia to mention the following. Whenever a power
law seemed to be suitable to fit the data, the function of the simple form beamwidthmeasure o a cdotf®
was tested aswel| asthat of theform beamwidthmeasure o a cdot f*+c (power |aw with offset). Although
itisnot obvious at first sight, the two above functions differ substantially. That is, the former formulaforces
the model to go to infinity or to zero when the observing frequency goes to zero or to infinity respectively.
Provided that a beamwidth measure is of finite and well determined value at very low freguencies, one
could state that it is a mistake to try to fit a ssimple power law (without an offset) to the actua data. In
pure mathematical language, this is completely true. Still, since we are interested in the investigation of
the behavior of the observations within a finite and particular frequency range, it is not mistaken to regard
the fitted model as a segment of a general curve neglecting its development outside the frequency limits
determining the range under examination. All the abovein conjunction to theinability of thefitting algorithm
to give precise results when the given observational points are of small humber, allowed us to restrict our
calculations to the estimation of a power law without an offset only.

Concentrating on the actual results of our study, we should mentionthe following. From the seven pulsars
studied over the broadly sampled frequency range, only PSR B0525+21 displayed a purely exponential
development (see Section 3.1). PSR B1742-30, 1822-09, 1831-04 and 1929+10 display such a behavior
only in afew cases. Therefore, an overall conclusion could be that the theory proposed by Smith, is not
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that obviously general. Of course, the bigger the studied population of pulsarsis, the more secure such a
statement is.

Asfor PSR B0525+21, its 15,9, developswith an exponent b of about —1 /10 which significantly differs
from —1/6 which is expected. Even worst approximation is displayed by W49 which develops with an
exponent of roughly 11.0n the other hand, TV .., behaves as apower law of b = —1/5.3 whichis not far from
the expected value. In good agreement with the theory is the separation between C'; and Cs, aswell. In this
casebiscloseto —1/7.7.

Good approximation of the theory is possessed by the development of main pulse’'s W 5o, in the case
of PSR B1822-09. The calculated value for b is about —1/7. In the case of PSR B1929+10 this property
changeswith ab of about —1/8.3.

5.3 Closaely Sampled Frequency Range

Switching to the study over a closely sampled frequency range, we recall that what we areinterested inisto
examine whether the observed changes to the profile happen fast or gradually.

PSR B1742-30, 1822-09 and 1929+10 are the pulsars that, among the six ones studied, are characterized
by rather fast modifications of the profile. The rest of the pulsars seem to develop more smoothly. Therefore,
itisnot trivial to state ageneral conclusion.

Of great importance is the comment that, in the cases of fast changes, 1400 M H z seem to be a crucid
observing frequency. A careful examination of the derived plotsrevea sthat dramatic changes happen around
this frequency.

5.4 FuturePlans

In our point of view, apart from giving some evidence about how the integrated profile develops over a
broadly or closely sampled frequency range, the study we have carried out bringsto light new questions and
therefore ideas for future projects.

The first to mention is the necessity for a detailed examination of what happens when fast changes are
observed. To put it simply, does the pulsar displays mode changing having new components appearing, or
not?

It is of outstanding importance to carefully examine the derived values of a and b and try to correlate
them with physical quantities characteristic of neutron stars. This may even lead to the proposition of anew
model (other than the one proposed by Smith). The idea to search for an alternative model is supported by
the observation that, in many cases, a smooth devel opment is present though a power law is absent.

Further, as we aready occasionally mentioned, in the case of fast changes these seem to take place
around 1400 M H z. Therefore, observations at as many frequencies around 21 ¢m as possible, would likely
proveilluminating.



Appendix A

Complete Data Catalogues

Here we have gathered together all the data tables associated with the pulsars we have studied. 1t may be
helpful for the reader to consult in the present Chapter and retrieve any information that he may need.
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Table A.1: The data used in the study of PSR B0525+21.

Frequency (MHZ) :
Telescope :
De-dispersion
channel

Bandwidth (MHz) :

Despersion Broadening (ms):
Sampling Interval (us):

Factor (deg/bin) :
RMS:

Number of Pulses:
Cdlibration Status:
Wioy (deg) :
Wioy (deg):

We, (deg) :

C, (bins):

P (Yy):

CBridge (bINS) :
wmln@m A&\v :

Cs (bins):

Py ()

408
L

0.125
0.777
9362.9
0.9
0.433
23744
no
19
22.63
10.96
184.71
128.64
193
17.07
200.84
127.41

606 910
L L
0.125 0.25
0.237 0.140
9364.7 9364.7
0.9 0.9
0.011 0528

858 14872
yes no
18.06 17.31
2156 20.82
9.89 8.99
185.5 186.9
1.77 65.62
193 195
0.12 7.11
200.87 201.42
191 80.75

1408
L

1
0.151
9364

0.9
0.002
1438

yes
16.64
20.26
8.54
187.54
0.31
194.5
0.033
201.34
041

1667
L

5
0.456
9363.2
0.9
0.044
2205
no
16.29
19.84
8.38
187.62
11.22
194
1.34
201.13
14.23

4850

500
1.85
1500
0.144172
1.709
948
no
13.52
15.58
3.68
717.09
90.50

793.99
154.98
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Table A.3: The data used in the study of PSR B0740-28.

Frequency (MHz) :
Telescope :

De-dispersion

channel Bandwidth (MHz) :

Dispersion Broadening (ms):

Timeresolution (us) :
Factor (deg/bin) :
RMS:

Number of Pulses:
Wioy (deg) :

Wiog, (deg) :

W, (deg):

234 326
L L
0.03125 0.03125
1.49 0.55
416.9 416.9
0.9 0.9
0.031 0.448
9526 21338
15.37 9.26
35.74 20.07
18.61 10.44

413.9
L

0.125
1.08
416.9
09
0.639
9702
12.42
21.50
12.91

606
L

0.125
0.34
416.9
0.9
0.002
61278
9.71
16.50
9.90

925
L

0.25
0.19
416.9
09
0.005
19206
9.15
15.73
9.34

1396
L

1
0.23
416.9
0.9
0.001
12924
10.24
17.93
10.75

1420
L

5
1.07
416.9
0.9
0.001
18818
11.19
19.01
11.68

1594
L

5
0.76
416.9
0.9
0.003
9927
11.42
18.71
11.99

1606
L

5
0.74
416.9
09
0.003
6402
10.46
17.01
10.71

1616

0.15
416.9
09
0.278
12936
10.97
17.84
11.37

1642

0.69
416.9
0.9
0.001
1378
10.45
17.55
10.88

1710

160

0.35
1.586
7120
10.29
16.42
10.13

4700

160

0.35
0.195
7120
24.32
28.14
10.41
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Table A.5: The data used in the study of PSR B1742-30.

Frequency (MHz) : 410 606 925 1380 1412 1642 1315 1408 1410 1420 1510 1615
Telescope: L L L L L L E E E E E E
De-dispersion

channel

Bandwidth (MHz) : 0125 025 0.25 3 1 5 0.6667 0.6667 0.6667 0.6667 0.6667 0.6667
Despersion Broadening (ms):  1.33 0.82 0.23 0.84 0.26 0.83 0.22 0.18 0.17 0.17 0.14 0.12
Sampling Interval (us): 9186 9185 9186 9185 9185 9185 200 350 200 100 200 200
Factor (deg/bin) : 0.9 0.9 0.9 0.9 0.9 0.9 0.2 0.34 0.2 0.1 0.2 0.2
RMS: 0012 0.005 0.008 0.002 0002 0001 2094 9976 3248 135 3448 3.685
Number of Pulses: 6348 40986 8712 9780 15648 12100 880 480 880 3440 880 880
Calibration Status : yes yes yes yes yes yes no no no no no no
Main Pulse

Wioo, (deg) : 7.21 6.38 6.67 8.64 8.41 9.06 8.9 8.87 8.4 5.88 6.57 9.07
Wigo (deg) : 157 1353 1311 15.88 15.8 1582 1252 13.17 1335 1314 1287 1393
We, (deg) : 8.25 7.30 7.31 8.95 8.81 9.28 5.96 6.92 6.88 6.57 6.73 7.21
Cup (bing): 201.19 200.8 200.76 200.83 200.83 200.71 790.63 320.28 308.75 53096 523.02 4189
Pyp (Jy): 2.99 2.03 1.69 0.74 0.77 0.35 516.4 1710.71 41943 2002 45151 309.96
Precursor

Wiy, (deg) : 4.94 3.94 3.94 4.61 4.85 4.48 212 191 2.1 1.98 2.05 2.28
Wigo (deg) : - 7.52 7.6 - - - 571 5.77 6.32 6.22 5.97 7.14
We, (deg) : 5.25 4.27 4.3 5.12 5.48 5.03 2.79 2.58 2.78 272 2.73 31
Cpy (bins): 18425 1844 18453 185.07 185.06 185.07 718.83 27891 23579 386.82 451.2 346.2
Pp, (Jy): 0.53 0.38 0.35 0.18 0.19 0.1 126.98 62743 14577 87.67 179.86 137.6
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Table A.7: The data used in the study of PSR B1831-04.

Frequency (MHz) : 411 606 1380 1404 1315 1420 1510 1710
Telescope : L L L L E E E E
De-dispersion

channel Bandwidth (MHz): 0125  0.25 3 1 0.6667 0.6667 0.6667 0.6667
Time resolution (us) : 725 725 725 725 280 180 280 280
Factor (deg/bin) : 0.9 0.9 0.9 0.9 0.35 0.22 0.35 0.35
RMS: 0.012 0006 0.006 0.006 1427 1589 2977 2554
Number of Pulses: 40823 23342 18540 82052 3162 3060 3162 2142
Cy (bins) : 15397 156.65 200.89 201.25 601.22 38347 457.82 287.71
P (Jy): 0.43 0.29 0.09 0.05 1053 70.71 11098 62.77
C5 (bins) : 200.88 200.79 24545 24224 714.89 - 567.39 -
P (Jy): 0.77 0.35 0.5 0.03  70.63 - 66.75 -
Cs (bins) : 24233 23857 28214 28191 81081 710.86 665.11 485.59
P; (Jy): 0.17 0.13 0.05 0.03 5706 3573 6481 3732
Cy (bins) : 265.05 264.01 305.84 306.33 871.02 807.36 729.82 559.82
Py (Jy): 0.34 0.2 0.06 003 7031 5221 7846 4131
Weq (deg) : 4783 6451 6933 7236 7480 7295 75 76.03
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Table A.9: The data used in the study of PSR B2319+60.

Frequency (MHZz) :
Telescope:
De-dispersion

channel

Bandwidth (MHz) :
Despersion Broadening (ms):
Sampling Interval (uS):
Factor (deg/bin) :
RMS:

Number of Pulses:
Calibration Status:
Wiog, (deg) :

S\mg Aaﬁv :

1315 1420 1510 1615 1710
E E E E E

0.6667 0.6667 0.6667  0.6667 0.667
02306 01832 0.1523 0.1245 0.1049
500 350 500 500 500
0.07977 0.05584 0.07977 0.07977 0.07977
1.383 0.336 0.215 0.195 1.691
180 532 299 1982 198
no no no no no
2212 21.90 21.80 21.66 21.46
10.0 11.85 11.38 11.62 9.62
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