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ABSTRACT

A statistical analysis of a large sample of 668 radio pulsars was undertaken in other to investigate
the possible dependence of interstellar medium (ISM) parameters [dispersion measure (DM) and
rotation measure (RM)] on pulsar spin-down parameters [rotation period ( P) and spin-down rate
(P)]. The existence of such relationship will have a far reaching implication on the theories of
pulsar birth and evolution. A simple descriptive analysis of the data reveals that the sample is
quite heterogeneous, consisting of normal and recycled millisecond pulsars. Specifically, the

published values of P, P, pasand RM for objects in the sample were found to vary over a wide
range: ~ 0.002 — 9's, 3 x 10% - 2 x 10™ ss?, 2 — 1100 cm™pc and -3000 — 2400 radm?,
respectively, with the corresponding mean values of ~ 0.69 + 0.02 s, (9.94 + 0.05) x 10 ss?,

181 + 7 cm®pc and 157 + 10 radm™. Scatter plots of DM and RM (irrespective of sign) against P
reveal large amplitude (~ 3 orders of magnitude) scatter in the ISM parameters superimposed on

a striking trend in which pulsars with large values of P (young pulsars), on average, are

characterized by large DM and |RM| values. A simple regression analysis of the DM/|RM| — P
data yields a moderate correlation (with correlation coefficient » ~ 0.5). A simple interpretation

of the moderate DM/|RM| - P relationship is that objects with large P (corresponding to young

pulsars) are, on average, located in a region of ISM with high electron density content (in this

case, the galactic plane). On the other hand, smaller values of P , DM and |RM]| correspond to

relatively older pulsars located in regions farther away from the galactic plane (with low electron

density content). The DMI/RM| - P correlation increased significantly (with correlation
coefficient » ~ 0.95), when mean values of the parameters were employed in the analysis. The
observed large scatter in the ISM data highlights the complex nature of the electron content
distribution in the ISM and the large dispersion in both the magnitude and direction of pulsar
space velocities. Similar analysis did show any appreciable dependence of both DM and RM on
the pulsar rotation period. Our analysis also reaffirms the existence of a strong correlation (» ~
0.7) between the DM and RM parameters, which are used to characterize the ISM.



CHAPTER ONE

INTRODUCTION
1.1 What are Pulsars?

A pulsar is a highly magnetized, rapidly rotating neutron star that emits beams of broad
band electromagnetic radiation. This radiation can only be observed when the beam of emission
sweeps across the earth, much the way a lighthouse can be seen when the light is pointed in the
direction of an observer. The events leading to the formation of a pulsar begin when the core of a
massive (> 10 M) star is collapsed into a neutron star during a supernova explosion, where Mg
is the mass of the sun which is ~ 2 x 10% kg. The neutron star retains most of the angular
momentum and only a tiny fraction of the size of its progenitor star. The sharp reduction in the
stellar moment of inertia results in significant amplification of the rotation speed of neutron stars.
Beams of radiation are emitted along the magnetic axis of the pulsar as it spins about the rotation
axis of the neutron star. The magnetic axis of the pulsar determines the direction of the
electromagnetic beam, with the magnetic axis not necessarily aligned with its rotation axis. This
misalignment causes the beam to be modulated by the rotation of the neutron star. The beam
originates from the rotational kinetic energy of the neutron star, which generates an electric field
from the movement of the very strong magnetic field, resulting in the acceleration of protons and
electrons on the star surface and the creation of an electromagnetic beam emanating from the
poles of the magnetic field.

The rotation period (P) of most pulsars are known to increase at constant rates as the
pulsars convert their rotational kinetic energy into electromagnetic radiation and particle wind
according to the spin-down law (e.g. Manchester and Taylor, 1977):

P=K P?", (1.1)

where n is the braking index, P is the pulsar spin-down rate and X is usually assumed to be a
constant. When a pulsar’s spin period slows down sufficiently, the radio pulsar mechanism is
believed to turn off (the so-called “death line”). This turn-off seems to take place after about 10 -
100 million years, which means that of all the neutron stars in the 13.6 billion years age of the
universe, around 99% no longer pulsate (Young et al., 1999). There are currently over 2000



known radio pulsars and their rotation periods are in the range of about 1.5 ms and 8.5 s
(Seiradakis and Wielebinski, 2004; Manchester ez al., 2005).

1.2 History of Discovery of Radio Pulsars

The discovery of pulsars by Professor Anthony Hewish and Jocelyn Bell Burnell in 1967
is one of the most important and dramatic advances in the history of radio astronomy (Hewish et
al., 1968). The story began in 1965 when Hewish started the construction of an 82 MHz (3.7 m
wavelength) array of 2048 1/2 dipoles for scintillation studies of compact radio quasars. The
dipoles were set horizontally several wavelengths above the ground in regular rows covering an
area of 20,000 square metres. Graduate students at Cambridge University helped in the
construction of the radio antenna. One of them, Jocelyn Bell from Ireland, was responsible for
the network of thousands of cables (transmission lines) between the antenna and receiver. The
array was physically fixed but by introducing appropriate phasing with different cable lengths,
the beam could be shifted in declination. The earth’s rotation provided scanning in right
ascension. Hewish had designed the antenna to investigate the compact quasar radio sources by
their scintillation as produced by the irregular structure of the interplanetary medium.

In early measurements by Hey et al. (1946), fluctuations were observed in the radio
emission from Cygnus A, which are due to inhomogeneities in the earth’s ionosphere. Hewish
(1955) and Vitkevitch (1955) noted that the outer solar corona scattered radio waves, increasing
the apparent diameter of radio sources. Both coronal scattering and ionospheric-induced
fluctuations are similar scintillation phenomena but only differ in scale. Beginning in 1962,
Hewish, Scott and Wills (1964) noted rapid fluctuations (with periods of a few seconds) in the
intensity of a number of radio sources, notably 3C48, 3C119, 3C138 and 3C147, as measured at
178 MHz. Two of these sources were already known to possess very small angular diameters. It
was concluded that the fluctuations were a scintillation effect produced by the interplanetary
medium and is most severe for sources of angular diameter < 1 arcsec and at wavelengths of
more than 1 m. The effect was found to become stronger with decreasing angular distance to the
sun and the fluctuation rate faster with increasing wavelength. The belief that this scintillation
effect could provide a convenient technique for estimating the angular diameter of radio sources
in the range < 1 arcsec motivated the new antenna array by Hewish and his co-workers.



The plan was to survey most of the sky north of declination -08° once a week, keeping
this region under constant surveillance. By July, 1967 construction of the array was completed
and observations were begun with output recorded at short time constant with a pen-on-paper
chart. Jocelyn Bell was given the responsibility of analyzing the 100 s of meters of chart paper
flowing from the recorder each week in order to note times and declinations of chart deflections
having a rapid fluctuation or scintillation. In October, 1967, she noted some unusual deflections
lasting a minute or two which she could not readily identify as either a scintillating quasar or as
interference from a terrestrial source, e.g. a gasoline engine ignition. Recalling that she had seen
something like it several weeks earlier, she searched back through the records and found that it
had appeared several times before and at the same declination and right ascension. This
suggested that it was of celestial and not terrestrial origin, but curiously, the signals appeared
conspicuously near midnight when interplanetary scintillation drops to a very low value.

Systematic investigation of these signals began in November, 1967. High speed

recordings showed that they consisted of a series of pulses of about lfa second duration with a
repetition period of 1.337 s which was maintained with astonishing precision. The thought that
the signal might be the beacon of an extraterrestrial civilization was entertained at one point, but
lack of Doppler variation in the pulse rate from planetary motion around a star and the discovery
of three more pulsing signals elsewhere in the sky seemed to rule out this possibility.
Announcement of the discovering of these pulsating objects or pulsars appeared in the February
24, 1968 issue of “Nature” with a tentative explanation offered that the sources were oscillating
white dwarf or neutron stars (Hewish et al., 1968). The discovery of pulsars with periods less

than lfin second and a spin-down rate led to the identification of pulsars as rotating neutron
stars.

This serendipitous discovery of pulsars was entirely unexpected but so was Karl Guthe
Jansky’s discovery of radio emission from our galaxy that marked the beginning of radio
astronomy, as well as Arno Penzias and Robert Wilson’s discovering of 3 K sky background. It
is remarkable that in all the three cases (pulsars, galactic radio emission and 3 K), the design of
the instrument and the circumstances of its use were almost ideally suited for the discovery.
Many astronomers around the world joined in further observations and studies of the pulsar and

in searching for new ones, generating a vast literature on pulsars.



1.3 Classification of Pulsars

There are three generic classes of pulsars, based on the possible energy source which
powers their emissions.

e Rotation-powered pulsars are powered by the rotational kinetic energy of the
underlying neutron stars. The Electromagnetic radiation emitted can be across a large portion of
the electromagnetic (EM) spectrum, generally from the x-ray region down to the radio region.
Typically the radiation is seen in the radio region of the EM spectrum. As such, rotation-powered
pulsars are referred to as radio pulsars. There are mainly two groups or types of rotation-powered
pulsars which include the normal and the millisecond radio pulsars. The normal radio pulsars are
mostly isolated, fast spinning neutron stars. More than 1000 members of this class have been
discovered and they all have rotation periods in the range of ~ 0.03 to 8.5 s. The characteristic
age of normal radio pulsars is of the order of 10% yr while their surface magnetic field is about
10" G (Seiradakis and Wielebinski, 2004). More than 90 percent of the known normal radio

pulsars have period derivative » = 107 ss?, however objects with » ~ 10 ss? also exist.
Normal radio pulsars are generally expected to spin down steadily with time. However, the
normal radio pulsars residing in the globular clusters (Manchester ez al., 1985; Wolszczan et al.,
2000) are known to be spinning up instead, presumably owing to the gravitational interaction
between the pulsars and the other densely packed stars in the cluster. When these interactions
result in acceleration in excess of the pulsar spin-down rate, there is a net acceleration which
corresponds to spin-up of the pulsar.

Radio pulsars whose spin periods are less than 25 ms (e.g. Kaspi, 1997), and which,
according to the standard evolutionary model (e.g. Bhattacharya and van den Heuvel, 1991)
acquired these fast spin rates after an episode of “spin-up”, probably through mass and angular
momentum accretion from a low mass binary companion are referred to as millisecond pulsars.
The fastest millisecond pulsar found to date has a period of 1.56 ms (Backer et al., 1982). The
origin of millisecond pulsars is still unknown. The leading theory is that they begin life as longer
period pulsars but are spun up or recycled through accretion (Bhattacharya, 1996; Lyne and
Smith, 1998). For this reason, millisecond pulsars are sometimes called recycled pulsars. About
40 members of this class have been observed and a significant percentage of them are in binary
systems with main sequence stars (Kaspi et al., 1994), or degenerate stars — white dwarfs (Lyne



and Smith, 1990) or neutron stars (Taylor and Weisberg, 1982; Nice et al., 1996). The
characteristic age of millisecond pulsars is slightly above 10° yr (Seiradakis and Wielebinski,

2004). Millisecond pulsars are characterized by very small spin-down rates, » < 10" ss™* and
relatively weak surface magnetic field, B ~ 10° — 10° G. The low surface magnetic field has
been associated with the accretion processes, in which the field is believed to be appreciably
buried in the accreted material. However there is, as yet, no physical mechanism which plausibly
explains how the magnetic field of a neutron star could significantly decay (Bhattacharya and
Srinivasan, 1995).

e X-ray pulsars are powered by energy released during mass accretion from the binary
companion and are generally classified into two: High-Mass and Low-Mass X-ray Pulsars. In
High-Mass X-ray Binaries (HMXBs), the mass of the companion is greater than 10 solar masses
(e.g. Joss and Rappaport, 1984). Examples of HMXBs are LMC X-4, Cen X-3 and SMC X-1.
Their rotation periods range from 0.069 to 835 s, while the orbital periods have been found to lie
between 0.2 and 187 days. HMXBs are characterized by high surface magnetic fields of ~ 10" G
(Lyne and Smith, 1998). A subclass of X-ray pulsars, in which the mass of the companion is
usually less than 1 solar mass, is known as the Low-Mass X-ray Binaries (LMXBs). These
objects are more difficult to study owing to the fact that only little light, if any, can be observed
directly from the companion star. Orbital periods are generally less than 1 day. X-ray binaries are
characterized by rapid decrease in the rotation periods (that is they spun-up with time). This
observation suggests that the torque responsible for the spin-up, the accretion torque, could be
orders of magnitude greater than the magnetic braking torque (Lyne and Smith, 1998).

e Magnetars are presumably powered by the decay of hyper-strong fields, whose decay
timescale is of order ~ 10° — 10* years (Thompson and Duncan, 1996). They are highly
magnetized neutron stars in fact much more than conventional neutron stars by a factor of up to
100 or more, with magnetic fields in the order of 10" G. Magnetars are capable of emitting
bursts of both x-rays and gamma rays through the decay of their very strong magnetic field. The
very strong magnetic field of a magnetar is thought to be inherited when the neutron star is first
created during a supernova explosion (Duncan, 1998). These magnetars could manifest as soft
gamma repeaters (SGR) where x-ray stars sporadically emit bright, short (0.1 s) repeating flashes
of low-energy gamma rays and anomalous x-ray pulsars (AXPs) which are slowly rotating
pulsars with periods of 6 — 12 seconds (Karttunen et al., 2006). The Fermi space Telescope has



uncovered a subclass of rotation-powered pulsars that emits only gamma rays (Atkinson, 2008).
There have been only about one hundred gamma-ray pulsars identified out of about over 2000
known pulsars (Atkinson, 2008). Although all the three classes of objects are neutron stars, their

observable behaviour and the underlying physics are significantly different.
1.4 Neutron Star — A Member of the Compact Stars

In astrophysics, those stars in which the density of matter is much larger than in ordinary
stars are called compact objects, e.g. white dwarfs, neutron stars and black holes. It is believed
that in compact stars, thermonuclear reactions have completely ceased in their interiors and as
such, they cannot support themselves against gravity by thermal gas pressure.

In white dwarfs, gravity is restricted by the pressure of degenerate electron gas which is
given (e.g. Shapiro and Teukolsky, 1983) by

P =%[%j%hc[%j% | (1.2)

where 7 is the Planck’s constant, ¢ is the velocity of light in free space and ¥ is the electron
v
number density. A degenerate gas is one in which all the available energy levels, up to a limiting

momentum are completely filled. This limiting momentum is called Fermi momentum ( 2) and

is given (e.g. Shapiro and Teukolsky, 1983) by

P {EJ% g[gj% | (13)

In neutron stars, gravity is prevented by the pressure of degenerate neutron gas (Shapiro
and Teukolsky, 1983). In black holes, however, gravitational force is completely dominant and
compresses the stellar material to infinite density (Karttunen ez al., 2006).

Towards the end of the evolutionary life of a star, all its nuclear fuel is completely
exhausted and core collapse then begins under gravity. If the mass of the collapsing star is not
above 10 M, , the pressure of the degenerate electron gas eventually balances gravity and the star
stabilizes as a white dwarf. However, if the mass of the collapsing star is greater than 10 My | the
star is believed to experience a sudden brightening and eventually explodes in a spectacular
supernova event, leaving a remnant neutron star behind. On the other hand, if the star is too



massive (# 10 Mgy) that the core continues to collapse indefinitely, crushing matter to itself, it
finally forms a black hole. The black hole has no upper mass limit. Unlike the white dwarfs and

neutron stars that have very strong magnetic fields, the black holes have no magnetic fields.

1.5 The Internal Structure of a Typical Neutron Star

~ 1km\ p =10° gcm™ #Outer iron crust

p=4.3 x 10" gcm?® Inner crust (crystalline
mantle)

~4 km

Outer core (super fluid-
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~ 1km Inner core

Figure 1.1: A typical structure of a neutron star interior based on soft equation of state

(Oppenheimer and Volkoff, 1939). .
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state used. This in turn determines the radius and mass of the neutron star. The most acceptable
models show that the mass of a typical neutron star is between 0.2 and 2 M, (Baym, 1991;
Haensel et al., 2007; Kiziltan, 2011). If the mass is smaller, then there will be insufficient
gravitation to hold the star together in its condensed form. On the other hand, a larger mass
means a more concentrated star which leads to further collapse to possibly a black hole. The
diameter of a typical neutron star with mass of 1.4 M is about 20 — 30 km (Wiringa et al.,
1988). The central density is about 3 * 10 — 3 % 10" gcm™ (Baym, 1991; Haensel ez al.,
2007; Kiziltan, 2011).

There are basically two broad components of the neutron star’s internal structure namely:
a crystalline solid crust and a neutron liquid interior. The outer crystalline crust consists mainly
of iron nuclei and has density of about 10° gcm™ with thickness of ~ 1 km. The layer below this
has density of about 10** gcm™ with thickness of ~ 4 km and consists mainly of protons and



electrons that fuse to form nuclei with unusual high numbers of neutrons. For example, the
nucleus of *8Kr has 82 neutrons and 36 protons (Lyne and Smith, 1998). The outer core is
separated from the inner crust by what is called neutron drip point. The outer core with density
up to 2 X 10* gem™ (the density of nuclear matter, i.e. 2.8 X 10 gcm™) with thickness of ~ 9
km, consists of unstable massive nuclei embedded in a super fluid called neutron fluid. This fluid
contains a few percent of electrons and protons. This fluid component is important in the
explanation of the pulsar glitches behaviours (Ruderman, 1976).

Furthermore, the main body of this neutron super fluid is coupled more tightly to the
solid crust of the star by its magnetic field. The core which has density in excess of that of the
nuclear matter has been suggested to contain exotic states of matter (Baym, 1991). Here,
neutrons may be crushed into mesons or kaons which might form a solid core that could be
equally useful in the explanation of glitches. The neutrons themselves would break down to
quarks (“UP” and “DOWN?”) and gluons. It has been suggested that the neutrons might even
change to “strange” variety of quarks (Baym, 1991).

1.6 Neutron Star Magnetosphere
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Figure 1.2: Toy model for the rotating neutron star and its magnetosphere (not drawn to scale!).

From European Pulsar Network (EPN) database’.

The pulsar magnetosphere is a region around the neutron star within which the magnetic
(force) field of the star strongly dominates every other force. The magnetosphere is composed of
ionized, high-energy plasma which is in rapid co-rotation with the neutron star. Within a radial

distance (r,) of the rotation axis, there is a charge-separated, co-rotating magnetosphere (Lyne
and Smith, 1998). The magnetosphere consists of the area from the neutron star surface

extending up to a distance, . from the spin axis. The radial distance (7.), given by Cfﬂ (where

c is the velocity of light and 12 is the angular velocity), is the “velocity-of-light cylinder”. The
velocity-of-light cylinder is the distance at which a particle with the angular velocity of the
pulsar is traveling at the speed of light. The open field line defines the polar cap region on the
neutron star surface, centred on the magnetic pole. The polar caps are the radio emitting regions.
The particles generated within the regions are restricted to move only along the field lines. As a
result, only particles on the open field lines outside the region can flow out from the
magnetosphere. The radio emitting regions are confined to these open polar cap regions (Lyne
and Smith, 1998).

The external magnetic field of the neutron star is of great importance in many observable
pulsar characteristics. The dipole’s misalignment with the rotation axis generates a broad band
electromagnetic radiation at the rotation frequency of the pulsar. This accounts for the observed
slow down and the main loss of rotational energy of the pulsar. According to Lyne and Smith
(1998), for a young pulsar, the outward energy is sufficient to provide high-energy particles in a
surrounding nebula. For instance, the rotational energy of the Crab pulsar is the source of energy
for the synchrotron and radiation of the surrounding Crab Nebula. The discovery of a pulsating
radio source in the centre of Crab Nebula remains one of the strongest evidence that pulsars are
formed during supernova explosions. The energy released as the pulsar slows down is enormous
and it powers the emission of the synchrotron radiation of the Crab Nebula which has a total
luminosity of about 75,000 times in excess of that of the sun ( Weiler and Sramek, 1988).

! www.mpifr-bonn.mpg.de/div/pulsar/data
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1.7 The Emitting Regions of Pulsars

The radiations from pulsars are emitted in a narrow light-house beam. According to Lyne
and Smith (1998), two models have been explored extensively in the explanation of pulsar
emission processes. These are the polar cap and relativistic beaming models. The polar cap
model places the origin of the emission immediately above a magnetic pole and is built on the
observations of beam width and polarization (Lyne and Smith, 1998). The relativistic beaming
model, however, places the origin of the emission inside the magnetosphere, near the velocity-of-
light cylinder and is built on the high energy radiation seen in the Crab and Vela pulsars (Lyne
and Smith, 1998). The emission region of a pulsar is shown in Figure 1.3. The gamma-ray
emission beam emanates from the outer acceleration gap while the radio emission beam

originates from the inner acceleration gap.

Light Coflinder
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Figure 1.3: Emission region of a pulsar (Figure taken from EPN database).

1.8 Radio Pulse Characteristics

There are several observed characteristic features of the radiations from radio pulsars.
Most of these features concern mainly the individual pulses, while others like polarization refer

to the entire radiation. Some of these pulsar properties are discussed in this section.

1.8.1 Integrated Pulse Profile
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Pulsars are weak emitters of radio signals. As a result, only individual pulses from
strongest sources can be observed despite the high sensitivity of some of the current radio
telescopes. Most pulsars require the coherent addition of many hundreds or even thousands of
pulses together to produce an integrated pulse profile that is discernible above the background
noise of the receiver (Lyne and Smith, 2012). The integrated pulse profile of a given pulsar is
usually very stable and is the signature of the pulsar at the observing frequency.

1.8.2 Pulse Shapes

Pulsars have pulse shapes that vary in complexity. Some pulsars like PSR B1933+16
have single component pulse that is essentially Gaussian in form. Others like PSR B1913+16
have a double-peaked structure. Still, some other pulsars show complicated shapes with multiple
components. An example of this class of pulsars is PSR B1237+25 (Lorimer and Kramer, 2005).

Different pulse shapes observed in different pulsars are shown in Figure 1.4.
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Figure 1.4: Integrated pulse profile for a sample of nine pulsars. With the exception of PSR B1237+25,
each profile shows 360" of rotational phase (From EPN database).

It is important, however, to note that the analyses of these pulse shapes could reveal a lot
about the structure of the emission beam of pulsars. Prior to the work by Kramer er al. (1998),
the profiles of the millisecond pulsars were supposed to be far more complicated than those of
the normal pulsars. Their work, however, revealed that on average, there are 3 + 1 components
for the normal pulsars and 4 + 1 components for the millisecond pulsars.

1.8.3 Profile Evolution with Frequency

As shown in Figure 1.5 for PSRs B1133+16 and J2145-0750, there are usually changes in
the pulse shape which depend on the frequency at which the pulses are observed. Normal pulsars
like B1133+16 show a gradual increase in pulse width and separation of profile components
when observed at lower frequencies (Komesaroff, 1970). This effect is, however, less noticeable
for the millisecond pulsars. Millisecond pulsars like J2145-0750 show little change in pulse
width and component separation with frequency (Kramer et al., 1999b). This is in agreement
with the idea that the size of the emission region of millisecond pulsars is much smaller than for

normal pulsars.
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Figure 1.5: Multi-frequency pulse profiles for two pulsars: (a) 1.16 s pulsar B1133+16 and
(b) 16 ms pulsar J2145-0750 (from EPN database).

1.8.4 Flux Density Spectra

Flux density is the amount of energy transferred by electromagnetic radiation through a
real or virtual surface, per unit surface area and per unit wavelength. The unit of flux density
measured by the telescope is the Jansky (Jy), where 1 Jy is equivalent to 10%° Wm?Hz™. Flux
density could be measured in two ways:

a. The peak flux density (the maximum intensity of a pulse profile).
b. The mean flux density (the integrated intensity of the pulse profile averaged over the
pulse period).
The mean flux densities of pulsars have a strong inverse dependence on the observing frequency.
For most pulsars observed above 100 MHz, the dependence has a simple power law given (e.g.
Sieber, 1973) as

S ean F ) f (1.4)

where £ is the observing frequency and a is the spectral index. However, recent work by Maron

et al. (2000) showed a more complex spectral behaviour that needs a two-component power law
model. Other striking deviations from single power law behaviour are the roll over in the spectra
often seen at low frequencies (Malofeev, 1996) and the tantalizing hints of spectral increase or
turn-up seen for a few pulsars at millimetre wavelengths (Kramer, 1996b). For pulsar spectra that
can fit the single power law satisfactorily, the range of the observed spectral indices is between -
4 and 0, with the mean value of -1.8 + 0.2 (Maron et al., 2000).

1.8.5 Polarization of Pulsar Radiation

Pulsars are known to be among the most polarized radio emitters. The radio signals from
pulsars consist of linear and circular polarization components. Basically, there are four Stokes
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parameters (/,Q,U, V") used to describe polarization, where I is the total intensity, Q0 and U
are the linear Stokes parameters and V7 is the circularly polarized intensity. The linearly

polarized intensity, L is given (e.g. Lyne and Smith, 1998) by

L=4,0%*+U?>. (1.5)

A study of 300 normal and millisecond radio pulsars at 600 and 1400 MHz (Gould and

Lyne, 1998) revealed that the average degree of linear polarization, <L/I> is about 20 percent

while the circularly polarized component, <| V|/I>, is about 10 percent. The position angle (i)

of linear polarization is a function of pulse phase and is given by the expression (e.g. Lorimer
and Kramer, 2005):

v = Atan ’1(%). (1.6)

The simple pattern of polarization according to Lyne and Smith (1998), suggests that the
origin of the radio beam is immediately above a magnetic pole while the swing of the position
angle is related to radio emitting regions whose radiation is polarized along the direction of the

field lines.
1.9 Pulsars as Astrophysical Tools

Pulsars are very important astronomical objects that have a very wide range of both
physical and astrophysical applications. According to Lorimer and Kramer (2005), pulsars are in
many respects, a physicists dream come true. Besides testing theories of gravity, one can
investigate the gravitational potential and magnetic field of the galaxy, the interstellar medium,
binary systems and their evolution, solid state physics and the interiors of neutron stars. The
study of the radio emission from pulsars reveals a lot about plasma physics under extreme
conditions (Lyne and Smith, 1998). Some of the applications of pulsars are outlined below.

1.9.1 Pulsars as High-Precision Timing and Time Keeping Devices

Pulsars could be used as high-precision time-measuring instruments. This depends on
what is called pulsar timing, which is the measurement of the pulse arrival times of photons
emitted by the pulsars. The amount of useful information that could be obtained depends upon
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the measurement precision of the pulse arrival time, which scales as the pulse width divided by
the signal-to-noise (S/N) ratio and on the rotational stability of the objects. Since bright
millisecond pulsars have short periods, hence narrow pulse width and high level of rotational
stability, they are mostly used for these high precision measurements (Lyne and Smith, 1998).
The current state of the art is the 5.75 ms pulsar J0437-4517, which yields a root mean square
residual between measured and model arrival times of about 100 ns over an observing time of 1
yr or longer (van Straten et al., 2001). The stability of pulsar depends largely on its rotational
kinetic energy and spin down energy loss rate. Due to the large rotational kinetic energy and
relatively low spin down energy loss rate associated with millisecond pulsars, they are believed
to be more stable than normal pulsars (Lorimer and Kramer, 2005). As such, millisecond pulsars

give higher timing precision than normal pulsars.
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Figure 1.6: Comparing the stability of PSRs B1855+09 and B1937+21 with various atomic clock
differences (Matsakis et al., 1997).
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The performance of different clocks can be compared using their fractional stabilities (o).
The fractional stability (o.) is like the Allan variance (Matsakis et al., 1997) and usually

decreases over a period of time during which clock behaviour is predictable. Although, the
stability of millisecond pulsars are less than those of atomic clocks on short timescales, they
become similar over time spans of months and years (Matsakis er al., 1997). Ultimately,
rotational instabilities intrinsic to most pulsars known as timing noise could become important
and limits the stability of the pulsar clock. This implies that timing noise limits the timing
precision of pulsar clocks. The processes causing timing noise are not understood fully, but
young pulsars show higher degree of timing noise than older ones (Hobbs et al., 2010). A trend
seen among the sample of normal and millisecond pulsars indicates that the timing stability
increases with smaller period derivatives and is, hence, greatest for recycled millisecond pulsars
(Hobbs et al., 2010).

If recycled millisecond pulsars perform better than terrestrial clocks, it is possible that a
time standard could be defined by timing several of most stable millisecond pulsars against each
other. The problem is that each pulsar has different spin period and spin-down rates that are
caused by some processes that are not yet fully understood. Similarly, unlike the current
definition of the second that is based on a hyperfine transition of cesium 133, a pulsar time
standard would not have a link with any reproducible physical phenomenon in any laboratory.
Unless pulsars can be monitored continuously with dedicated telescopes, terrestrial clocks would
still be needed to interpolate between the observations and to tie pulsar time to some terrestrial
endpoint times (Lorimer and Kramer, 2005).

1.9.2 Laboratory for Testing the Predictions of General Relativity

In astrophysical experiments, the experimental set-up cannot be modified. As a result, we
can only obtain information from the photons received. In probing the limits of our
understanding of gravitational physics, one will be interested in extreme conditions that are not
obtainable on earth. Though, solar system tests provide a number of very stringent tests of
general relativity (Will, 2001), none of such tests will ever be able to test the strong-gravitational
field limit. For such studies binary millisecond pulsars are the only known way to test the
predictions of general relativity or competing theories of gravity in the strong-gravitational field

limit.
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1.9.2.1 The Use of Double Neutron Star (DNS) Binaries

Being very compact massive objects, DNS binaries are used as perfect point sources for
testing theories of gravity in the strong-gravitational field limit. For all the known DNS systems,
the orbital separation is much larger than the size of the compact companion. An excellent
example is the original binary pulsar B1913+16 in which the orbital period is observed to
decrease at a rate predicted by general relativity due to gravitational-wave damping (Taylor and
Weisberg, 1989; Weisberg and Taylor, 2003, 2004). This phenomenal measurement, shown in
Figure 1.7 corresponds to an orbital shrinkage of 1 cmday™ and provided the first evidence for
the existence of gravitational radiation as predicted by general relativity.
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Figure 1.7: The shift in the periastron passage of the binary pulsar B1913+16 plotted as a function
of time (Taylor and Weisberg, 1989).

Consequently, neither mass transfer nor tidal effects is present and the system then
approximates to a pair of point masses that can be used to test the predictions of theories of

gravity (Weisberg and Taylor, 2004 and references therein). For instance, the rate of advance of
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periastron, » due to the emission of gravitational radiation. Here the crucial factor is the ratio

I . i GM
of gravitational potential energy and rest mass energy for pulsar B1913+16, this factor, eay

is 10°. The rate of advance of periastron, » ., depends on the total mass of the system. If the
respective mass of the pulsar and its companion is m, and m., then the rate of periastron advance
is given (e.g. Taylor and Weisberg, 1989) by
(mp + mc)zﬁ‘
wer = 2.11 M, degree yr* (1.7)

where M, is the solar mass.
The original binary pulsar B1913+16 has shown a decrease in orbital period which has
been measured (e.g. Taylor and Weisberg, 1989) by
v

P, = —— =(-240+0.09) x 10, (1.8) where

VZ

P is the orbital period, v is the spin frequency and v is its first time derivative. This agrees with

the predictions of the general relativity due to gravitational-wave damping. This observation
provided the first evidence for the existence of gravitational radiation in accord with the

predictions of general relativity (Taylor and Weisberg, 1989).
1.9.3 The Study of the Galaxy and the Interstellar Medium

The proper motions (the apparent slow movement of a star in a direction that does not
change with time) of the pulsars reveal that they have very large space velocities (1000 kms™)
that have carried most of them away from the vicinity of their birth places to the galactic plane
(Lyne and Lorimer, 1994). In other words, pulsars should exist in any region of the galaxy.
However, the nature of pulsars as galactic objects as well as the interactions between their
polarized emission and the magnetized ionized interstellar medium makes it possible for pulsars
to be employed in the study of the galaxy and the properties of the interstellar medium (ISM).

The measurement of the delay in arrival times of pulses as they traverse the interstellar
medium gives information about the dispersion measure (DAM), which is the integrated column
density of free electrons along the line of sight to the pulsar. If the distribution of free electrons
in the galaxy were known with precision, the measurement of the DM would give the distance to
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every pulsar (Taylor and Cordes, 1993). Though uncertain, the distribution of free electrons
could be estimated through the use of independently calculated pulsar distances. By this means,
pulsars are used in determining the galactic distribution of free electrons (Guélin, 1973).

Pulsar signals are highly polarized as discussed in section 1.8. Consequently, the
magnetized ionized interstellar medium interacts with the linearly polarized signals, thereby
rotating the position angle of linear polarization, by an amount that is proportional to the galactic
magnetic field component along the line of sight to the pulsar. The effect of the rotation measure
(RM) for pulsars over a wide range of locations in the galaxy can be employed in mapping out
large-scale structures of the galactic magnetic field (Smith, 1968; Taylor and Cordes, 1993;
Wolleben and Reich, 2003). Earlier studies evidence of the galactic magnetic field show field-
line reversals between some nearby spiral arms (Thomson and Nelson, 1980; Lyne and Smith,
1989; Rand and Lyne, 1994; Han et al., 2002; Noutsos et al., 2008).

1.9.4 The Study of Super-Dense Matter

The nature of matter inside neutron stars is said to be super dense [~ (3 — 30) x 10
gcm™]. This state of matter is not obtainable in any laboratory on earth. Application of pulsars as
physical tools allows such extremely dense matter to be explored. The study of glitches, the
rotational instabilities in pulsars and the subsequent post-glitch relaxation provide means of
probing neutron star materials in a unique way. This is referred to as neutron star seismology
(Lorimer and Kramer, 2005). Glitches are believed to occur due to variable coupling between the
radio pulsar crust and its super fluid interior. Glitches are, however, rare and have been observed
in a small fraction of mostly young pulsars (Lyne et al., 1996; Shemar and Lyne, 1996). Lyne et

al. (1996) discovered that most young pulsars with characteristic age 7. £ 2 % 10° yr show no

sign of glitch activities. The lack of glitch activities in these young pulsars is probably due to the
effect of high internal temperature, which tends to reduce the effect of vortex pinning (Wang et
al., 2000). On the other hand, Urama and Okeke (1999) found that old pulsars show high glitch
activities especially those with higher spin-down rates. The excitement and expectation that
followed the discovery of this glitch led to further research on pulsars and pulsar timing
observations.

Glitches are classified into two — macroglitches and microglitches (e.g. Cordes et al.,
1988). Macroglitches (also known as glitches) are usually characterized by a sudden increase in
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the pulsar’s rotation frequency, v which is normally accompanied by an increase in the

magnitude of the spin-down rate, y (Lyne et al., 1996; Urama, 2002). Macroglitches are known
to originate from some form of dynamical change within the neutron star which involves a
sudden and regular transfer of the angular momentum from the more rapidly rotating inner
superfluid components to the slowly spinning crust (Anderson and Itoh, 1975; Ruderman, 1976).
Some macroglitches have been explained as a consequence of star quakes, where sudden changes
in the oblateness of the neutron star crust cause a change in the moment of inertia and, hence, the
spin frequency, since angular momentum must be conserved (Baym et al., 1969). Macroglitches

have some unique features in that the jumps in the rotation frequency (Av) and the spin-down

rate (A v ) have a definite signature (Av,Av) = (+, — ) which corresponds to the increase in the
pulsar’s spin rates and magnitude of the spin-down rates (Melatos, 2000). The jumps in the
rotation frequency of pulsars are frequently accompanied by some periods of relaxation towards
the undisturbed pre-glitch values that change in a wide range of time-scales (Cordes et al., 1988).

The microglitches consist of a class of small amplitude but resolvable jumps in both or
either of the pulsar rotation frequency and its first time derivative. The study of the microglitches
has received far less attention than macroglitches in the last three decades of radio pulsar timing
observation (Cordes et al., 1988; Chukwude, 2002). This consequently has made the knowledge
about this class of rotational discontinuity of the microglitches very little. Unlike the
macroglitches, in which the jumps are associated with a definite signature, the amplitudes of the
jumps in microglitches vary over a wide range (Cordes et al., 1988; Chukwude and Urama,
2010). The microglitches have a combined signs and are extraordinarily difficult to detect and
understand in the framework of the available glitch theories (Chukwude, 2002). The previous
information on the observations of microglitches in radio pulsars have relied fully on the visual

inspection of carefully calculated residuals of pulse rotation frequency (Av) and its first time
derivative (A v ). But observational setbacks have allowed only indirect calculation of Av and

Av through a successive numerical differentiation of phase residuals that is obtained from
second-order model which fits to barycentric times of pulsar arrival data (Cordes et al., 1988).
The comprehensive observational description of the phenomena of microglitches and
macroglitches has become indispensable in a quest for improved statistics of radio pulsar glitch
activity. This will give more insight into the incidence and other features of these small
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amplitude discontinuities in pulsar rotation frequency (Glampedakis and Andersson, 2009).
Ultimately, a better understanding of the possible origin of the microglitches and the relationship
between macroglitches and microglitches could be achieved.

1.9.5 The Discovery of Extra-Solar Planets

The technique of pulsar timing is extremely important in the study of pulsars and in the
search for extra-solar planets/planetary systems. The first three extra-solar planets were
discovered through radio pulsar precision timing technique (Wolszczan and Frail, 1992). These
were detected around the 6.2 ms pulsar B1257+12. The analysis of the pulse arrival times reveals
one planet of lunar mass (Planet A) and two earth-mass planets (planets B and C) with orbital
periods of 25, 66 and 98 years respectively (Wolszczan and Frail, 1992). Shabanova (1995)
reported evidence for a planet with at least two earth masses and a semi-major axis of 7.3 AU in
orbit of a normal pulsar B0329+54. This is a very slow pulsar, which means a relatively old
object (pulsation period about 0.7 s).

The unexpected discovery of this extra-solar planetary system, demonstrates the high
sensitivity of pulsar timing in detecting small bodies in orbits around neutron stars. Hence, pulsar
timing is now far more sensitive than optical searches for planets around main-sequence stars. It
is important to note that the uncommon nature of planetary bodies orbiting the pulsars could be

attributed to violent conditions in which neutron stars are born.
1.9.6 The Study of Plasma Physics under Extreme Conditions

Plasma physics is the study of charged particles and fluids interacting with self-consistent
electric and magnetic fields. These conditions are believed to exist in neutron stars, and hence,
they are used as laboratories for the study of such extreme physical conditions. These plasma
processes occur under very high plasma densities, super-strong magnetic field and in a somewhat
complex environment called the pulsar magnetosphere.

The double pulsar binary system consisting of the 22.7 ms pulsar A (Burgay et al., 2003)
and the 2.8 s pulsar B (Lyne er al., 2004) serves as a suitable laboratory for understanding
plasma physics. The interesting thing about pulsar A (J0737-3039) is that the mean orbital
separation of the two pulsars is only about 3 light seconds (Lorimer and Kramer, 2005). At this
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distance, the relativistic wind from the radiation beam of A is sufficiently energetic to penetrate
into and probe the emission region of B, which is consequently distorted.

The first observation is seen as an occultation of the radiation of A by the magnetosphere
of B at conjunction. The size of the region of eclipse can be found from the duration of the
eclipse and the relative transverse speeds of the two stars. As they move in their orbits, the line
of sight from A passes through and sweeps across the magnetosphere of B, giving the
opportunity to probe the physical conditions in its magnetosphere. The determination of changes
in the radio transmission properties like the dispersion and rotation measures will then allow the
plasma density and magnetic field structure to be probed (Lyne and Smith, 1998).

1.10 Purpose of Study

The objectives of this study are as follows:
I.  To investigate the relationship between the parameters (DM and RM) used to

characterize the interstellar medium and the radio pulsar spin-down parameters (

P, P, T. and B), which characterize the intrinsic spin-down evolution of

neutron stars.

ii.  To investigate the relationship between the parameters (DM and RM) that probe
the electron content of the interstellar medium and the radio pulsar distance from
the galactic plane (Z).

iii. To determine the dependence of the pulsars’ properties on the rate of
change/time derivative of DM (dDM/dt).

CHAPTER TWO

LITERATURE REVIEW

2.1 Pulsar Spin-Down Evolution

Like many things in life, the observed emission from radio pulsars does not come for
free. It takes place at the expense of the rotational kinetic energy of the neutron star, which is
given (e.g. Ostriker and Gunn, 1969) by
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E:%InQZ , (2.2)

where 7. ® 10* gcm? is the neutron star’s moment of inertia and Q=2x/p is the rotational
n p

angular frequency (P is the rotation period of the pulsar). The rate of loss of rotational kinetic
energy is thus (e.g. Ostriker and Gunn, 1969):

E=—"=—1 QQ, (2.2)

where Q is the rate of change of rotational angular frequency.

Pulse periods are observed to increase with time at a rate (P =dP/dt). The rate of loss of

rotational Kinetic energy is given by this expression (e.g. Lorimer and Kramer, 2005):
E=47%1 PP, (2.3)

This quantity E is called the spin-down luminosity and it represents the total output power of the
neutron star. A small fraction of the spin-down luminosity is converted into radio emission (Lyne
and Smith, 1998; Lorimer and Kramer, 2005). The bulk of the rotational energy is converted into
high-energy radiation and in particular, magnetic dipole radiation and a pulsar wind (Manchester
and Taylor, 1977; Lyne and Smith, 1998).

On assumption that the dominant energy loss mechanism is the magnetic dipole radiation
(i.e. the standard model), then a more general form of the spin-down law, believed to be relevant
to all rotation-powered pulsars, is given (e.g. Manchester and Taylor, 1977) by

P=K P¥", (2.4)

where K is an arbitrary positive constant which depends on the stellar magnetic field strength,
moment of inertia and the angle between the magnetic axis and rotation axis, » is the braking
index and is equal to 3 for the simplest case of pure magnetic dipole braking in a vacuum
(Manchester and Taylor, 1977).

Equation (2.4) can be integrated, assuming a constant K and braking index » # 1, to

obtain the characteristic/spin-down age of the pulsar (e.g. Lyne and Smith, 1998):
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where P is the spin period at birth. On assumption that the spin period at birth is much shorter
than the present value (i.e. 2, € P) and that the spin-down is due to magnetic dipole radiation

(i.e. » = 3), equation (2.5) simplifies to the characteristic age, which is given (e.g. Lyne and
Smith, 1998) by

T, =—0. (2.6)

Due to the assumption of a negligible initial spin period and » = 3, equation (2.6) does not
necessarily provide a reliable age estimate.

Estimate of the surface magnetic field of a neutron star can also be obtained. For a
canonical neutron star of diameter of 20 km and moment of inertia of 10*° gcm?, the estimate of

surface magnetic field is given (e.g. Lyne and Smith, 1998) by

B=3.2x10"VPP. (2.7)

As for the characteristic age, the basic observables P and P provide a handy estimate for the

magnetic field strength at the pulsar surface of a rotating neutron star.

2.2 The Interstellar Medium (ISM)

The interstellar medium (ISM) is the matter that exist in space between the star systems
in a galaxy. This matter includes gases in ionic, atomic and molecular form, dust and cosmic rays
(Thorndike, 1930). The physics of the ISM plays a crucial role in many areas of astronomy.
Galaxy formation and evolution, the formation of stars, cosmic nucleosynthesis, structure and
growth of dust grains, which constitute the fundamental building blocks of planets, are intimately
coupled to the physics of the ISM (Spitzer, 1978). Stars form within the densest regions of the
ISM and replenish the ISM with matter and energy through planetary nebulae, stellar winds and
supernova explosions. This interplay between stars and the ISM helps to determine the rate at

which a galaxy depletes its gaseous content and therefore its lifespan of active star formation
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(Lequeux, 2005). However, despite its importance, its structure and evolution is still poorly
understood owing largely to its complexity and inaccessibility.

The ISM can be broadly classified into gas and dust components. The average density of
the interstellar gas is roughly one hydrogen atom per cubic centimeter (1 cm™) which represents
a density lower than can be created on earth (Lequeux, 2005). The ISM therefore represents a
fascinating laboratory for studying solid state physics under extreme conditions. However, the
density can vary considerably for different components of the interstellar gas. The components of
the interstellar gas include cold atomic gas clouds, warm atomic gas, coronal gas, HII regions
and molecular clouds. The properties of the components of the ISM of the Milky Way are shown
in Table 2.1.

Table 2.1: A breakdown of the properties of the components of the ISM of the

Milky Way.
Component Fractional ~ Scale height Temperature  Density State of Primary
volume (pc) (K) (atoms/cm®) hydrogen observational

techniques

Molecular <1% 80 10 - 20 10° - 10° Molecular  Radio and

clouds infrared
molecular
emission and

absorption lines.
Cold Neutral 1-5% 100 - 300 50 - 100 20-50 Neutral HI 21 cm line
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Medium atomic absorption.

(CNM)

Warm Neutral 10 — 20% 300 - 400 6000 — 10000 0.2-0.5 Neutral HI 21 cm line

Medium atomic emission.

(WNM)

Warm ionized 20 - 50% 1000 80000 0.2-0.5 lonized Ha emission

medium and pulsar
dispersion.

H Il regions  <1% 70 8000 10° - 10* lonized Ha emission
and pulsar
dispersion.

Coronalgas  30-70% 1000 -3000 10°- 10’ 10* - 107 lonized X-ray emission;

Hot lonized (metals also  absorption lines

Medium highly of highly ionized

(HIM) ionized) metals, primarily

in the ultraviolet,

The properties of the interstellar medium can be studied by examining the propagation of
emissions produced by radio pulsars. Radio pulsars are point sources that have high level of
linear polarization. This feature of radio pulsars makes them unique tools for probing the
interstellar medium. For instance, the interactions between the polarized emission of radio
pulsars and the magnetized ionized interstellar medium allow radio pulsars to be employed

extensively in the study of a range of properties of the interstellar medium.

2.3 Propagation Effects in the Interstellar Medium

As radio pulses propagate through the interstellar medium, four propagation effects occur

namely: pulse dispersion, scintillation, scattering and Faraday rotation.

2.3.1 Homogeneity of the ISM
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The interstellar medium is a cold, ionized plasma. Electromagnetic radiation from pulsars
experiences a frequency-dependent index of refraction as it propagates through the ISM (Lyne
and Smith, 1990). Neglecting, small corrections due to the galactic magnetic field, the refractive

index () is given (e.g. Lyne and Smith, 1990) by

1_(J"pjz | (2.8)
7

where [ is the wave (observing) frequency and f, is the plasma frequency. Following Guélin

(1973), the plasma frequency, f, is given by

fo= <, (2.9)

where n, is the electron number density, while e and m, are, respectively, the charge and mass
of an electron. For the ISM, n, ~ 0.03 cm™ (Ables and Manchester, 1976), so that Jfy = 15
kHz. From equation (2.8), one notes that a wave will not propagate if f < f . This fact is

sometimes used to constrain the plasma density in a pulsar magnetosphere or the location where
the radio emission leaves the magnetosphere (Ruderman and Sutherland, 1975).

2.3.2 Pulse Dispersion

The interstellar medium, with its free electrons, constitutes a dispersive medium, that is
one in which the velocity of propagation of waves is a function of frequency. As the pulses
propagate, they are dispersed by the ionized content of the interstellar medium between the
pulsar and the earth. This causes delays in the time of arrival of pulses at two different observing
frequencies. The delay in time of arrival of pulses at two different observing frequencies is
directly measurable as the dispersion measure (DM) of the pulsar.

From equation (2.8) one notes that x < 1. It follows therefore that the group velocity of a
propagating wave, v, =cu is less than the speed of light, ¢. Consequently, the propagation of a

radio signal along a path of length ¢ from the pulsar to earth will be delayed in time with respect

to a signal of infinite frequency by an amount, ¢ given (e.g. Lyne and Smith, 1998) by
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t:[dﬂJ_i_ (2.10)
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Substituting v, =c and noting that s << /" in approximating 4, we have (e.g. Lyne and

Smith, 1998)
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where the dispersion measure, DM is given (e.g. Guélin, 1973) by
DM =" n.dl (2.12)
in units of cm®pc and the dispersion constant, D given (e.g. Lorimer and Kramer, 2005) by
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However, it has been shown that, the time delay (A¢) between pulses at two different observing

frequencies, f; and f, is generally given (e.g. Lyne and Smith, 1998) by
At ~4.15x10° (f;2 - f;2 ) x DM. (2.14)

From a measurement of the pulsar arrival time at two or more different observing
frequencies, the DM along the line of sight to the pulsar can be estimated. The DM then can be
used to estimate the distance to a pulsar by integrating equation (2.12) for an assumed model of

the galactic electron density distribution (#,) as (e.g. Taylor and Cordes, 1993):

d="" (2.15)

where 4 is the distance to the pulsar and <n> is the average interstellar electron density along

the line of sight.

2.3.3 Scintillation
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In addition to being magnetized and ionized, the ISM is highly turbulent and
inhomogeneous in electron density distribution. These irregularities in electron content produce
phase modulations on the propagating pulsar signal, which cause the observed intensity to
fluctuate on a variety of bandwidths and timescales (Lyne and Rickett, 1968). This phenomenon
is referred to as scintillation. This effect is similar to the familiar optical “twinkling” of stars in
visible light caused by density fluctuation in the earth’s atmosphere (Rickett, 1990). Radio
scintillation can be observed due to the ionized plasma contained in the solar wind (Lyne and
Smith, 2012). Radio waves also undergo scintillation as they pass through the local interstellar
medium (LISM). Pulsar scintillation was recognized first as strong intensity modulations in
pulsar observations by Lyne and Rickett (1968). Pulsar scintillation is usually divided into two
regimes namely refractive and diffractive scintillation (Lyne and Smith, 2012). Large-scale (10™
- 10" cm) irregularities would produce focusing and defocusing of the entire ray bundle
observed as a refractive scintillation over broad frequency-band (a few GHz) and long timescales
(~ weeks). Small-scale (10° - 10™ cm) electron density irregularities in the interstellar medium
would produce interference among rays in a ray bundle observed as diffractive scintillation over
narrow frequency-band (~ | MHz) and short timescales (~ minutes). Rapid variability of this
observable has long been interpreted as diffractive interstellar scintillation (Scheuer, 1968). Slow
variability has been ascribed to an interstellar propagation process also (Sieber, 1982). Rickett et
al. (1984) proposed that refractive interstellar scintillation could be from the same turbulence
spectrum that causes diffractive scintillation. The resulting scintillation of the radio waves can be
used to reconstruct information about the small scale variations in the ISM (Rickett, 1990). Due
to the high velocity (up to several hundred km/s) of many pulsars, a single pulsar scans the ISM
rapidly, resulting in changing scintillation patterns over timescales of a few minutes (Rickett ez
al., 1997).

The basic theory of scintillation was developed by Scheuer (1968) who modeled the
turbulent ISM as a thin screen of irregularities midway between the earth and the pulsar as
shown in Figure 2.1. The initially spatially coherent electromagnetic radiation from the pulsar is
distorted by a thin screen of irregularities of various scales. The resulting randomly distorted
waves are bent by an angle &; forming a scatter-broadened image of radius £z . Scintillation is
produced as the randomly distorted wave-fronts form an interference pattern at the location of a

distant observer. By considering the phase perturbations produced by such a screen, Scheuer
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(1968) demonstrated that the intensity fluctuations over a characteristic scintillation bandwidth,

Af is given by

Af o f4 (2.16)

The frequency and time bandwidths of pulsar intensity scintillation can be used to estimate the
velocity of the pulsar itself. The different distance dependences of velocities derived from
astrometric proper motion (v oc d ) and estimated from scintillation (v oc d) can provide the true

velocity and distance of the pulsar (Chatterjee et al., 2003).
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Figure 2.1: The PSRs thin screen (Scheuer, 1968).

2.3.4 Scattering
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Electromagnetic radiation equally scatters as it propagates through an ionized medium.
Turbulence in the interstellar gas causes density inhomogeneities in the ISM which cause
scattering of the radio waves from the pulsar. Scattering effects are created by free electron
inhomogeneities in the ISM (Amstrong et al., 1995). This effect causes the broadening of the
pulse profile shape. The pulse broadening is attributed to the random refraction the waves
experience while propagating through the ISM. This temporal broadening of the narrow pulsar
pulses by a time T, has been observed (Rankin et al., 1970; Lang, 1971; Komesaroff et al., 1972)

and has been found to follow a £~ radio frequency dependence, as predicted by several authors

(Scheuer, 1968; Salpeter, 1969). In the thin-screen model, this effect can be related directly to
the variable path lengths and, hence, arrival times of the pulses as they are scattered by
irregularities in the ISM. As a result, there is a delayed arrival of the scattered rays that combine
to broaden an otherwise intrinsically narrow pulse shape. This effect introduces significant
uncertainty in measurement of pulse times of arrival.

The random density variation in the ISM causes the signals to travel many different paths
as they are refracted. When a signal takes a bent path, it travels a longer distance to the telescope
and thus the signal will arrive latter. Averaging over all paths taken as the approximate effect of
convolving the intrinsic pulse with an exponential decay of scattering time-scale (1) predicts the
pulse broadening (Lyne and Smith, 1998). The value of T depends on the radio frequency and the
statistical properties of the medium through which the signal traveled. Bhat ez al. (2004) showed
that measurements of ¢ for a large sample of pulsars correlated strongly with DM as shown in
Figure 2.2. More distant pulsars with larger DM s are in general, more likely to be scattered
(Lorimer and Kramer, 2005). When searching for pulsars, this effect is highly undesirable since
the scattering effectively stretches the true narrow pulse shape which result in a reduction in the

signal to noise ratio.
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Figure 2.2: Pulsar scatter-broadening times as a function of dispersion measure (Bhat ef al., 2004). 103), the pulsar
is a distance d from the observer. A ray emerging from the pulsar at an angle & intersects the
screen (i.e. a distance ds from the pulsar) and is scattered by some mechanism through an angle

Bscare towards the telescope. The observed angle is & = Bscare — 5.

8, g
d. d— d

5

Figure 2.3: The geometry of scattering (Hill ez al., 2003).

2.3.5 Faraday Rotation
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The presence of a magnetic field together with free electrons in the ISM causes Faraday
rotation which changes the orientation of the electric field’s polarization vector (Han et al.,
2006). Faraday rotation is the rotation of the plane of polarization of linearly polarized signal as
it passes through the ionized and magnetized plasma. The frequency-dependent delay of the
signal can be expressed in terms of phase rotations. Compared to a pulse observed at infinite
frequency, the pulse phase at a frequency £, is observed to lag in phase by an amount given (e.g.

Lorimer and Kramer, 2005) by

Ay =—kd (2.17)

2 . . i
where & = /4 is the wave number and 4 is the wavelength. For a cold magnetized plasma,

the wave number as a function of frequency is given (e.g. Lyne and Smith, 1990) by

k(f)=27”ﬂf=%\/1—f{—"¢ f;{s , (2.18)

where 1 is the plasma frequency, f* is the observing frequency, . is the refractive index and

/g 1s the cyclotron frequency, which is given (e.g. Lyne and Smith, 1990) by

eB”

27mm,c

yA (2.19)

where B, is the galactic magnetic field along the line of sight, e and m, are the charge and mass
of an electron, respectively. The galactic magnetic field along the line of sight, B, can be

computed from the cyclotron frequency. On assumption that, B, ~ 1 uG, one expects f, ~ 3 Hz

for the ISM.

The last term in equation (2.18) reflects the different propagation speeds for the left
(upper “— "7 sign) and right (lower “+” sign) circularly polarized waves in a magnetized
medium. The time corrections to the group velocity for an unmagnetized medium are <1 ns and,
hence, negligible. However, this minute difference in propagation speeds is the cause of Faraday
rotation. The differential phase rotation between left and right circular polarizations is given (e.g.
Lyne and Smith, 1998) by
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A WFaraday = Iod (KR - KL )dl ! (220)

where K, and K, are the wave number of the left and right circularly polarized wave
respectively. Since f >> r and f >> fg, then, it can be shown (e.g. Lyne and Smith, 1998)

that

3

e d
AV/Faraday :mjo l’leB”dl. (221)

In addition, as the polarization position angle (PPA) is periodic on m rather than 2m, the
change in PPA can be expressed (e.g. Noutsos et al., 2008) as

Al//PPA = l//Faraday /2 = ;bz X RM ' (222)

where RM (expressed in radm™) is the rotation measure given (e.g. Noutsos ez al., 2008) by

3
e

RM =
2mm’c*

[ n.Bdl. (2.23)

An observable property of the above magneto-optical interaction is that for a particular pulsar,
the higher the wavelength, the greater the effect of Faraday rotation, with infinitely waves of
small wavelength being unaffected. The measurement of both RM and DM gives the average

magnetic field strength along the line of sight weighted by electron density <Bu>’ which is

expressed (e.g. Lorimer and Kramer, 2005) as

<B>zj0d neBdl=1.23pG( KM )(DMJI. (2.24)

The electron density, n, is not homogenous throughout the galaxy. Regions of enhanced

electron density (e.g. HII regions along the line of sight) produce an unequal weighting and can

contribute significantly to the measurement of <Bu>' Also, if the direction of the magnetic field
changes, the average value, <3H> is a poor reflection of the true situation. Due to paucity of data

for the scintillation and scattering effect, we shall concentrate mainly on dispersion measure and

rotation measure for our study.
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2.4 Dispersion Measures

Radio waves produced by a pulsar interact with the free electrons in the ISM causing the
waves to travel at frequency dependent velocities. Because of the dispersive nature of the
interstellar plasma, lower frequency radio waves travel through the medium slower than higher
frequency radio waves. In this case, the delay in pulse arrival times is inversely proportional to
the observing frequency. The resulting delay in the arrival of pulses at a range of frequencies is
directly measurable as the dispersion measure of the pulsar. By measuring the variation with
time in the delay, the electron - density variations in the interstellar medium can be measured.
Most pulsar distances are estimated from their dispersion measures by assuming a value for the
average interstellar electron density (Hewish er al., 1968, Lyne and Rickett, 1968; Taylor and
Cordes, 1993). The general assumption of a uniform medium with an electron density of 0.1 cm™
has been criticized (Habing and Pottasch, 1968; Shutter et al., 1968) as being too high.
Manchester et al. (1969) showed that the assumption of a uniform interstellar medium is not
realistic and that a multi-component medium is more appropriate when interpreting pulsar
observations. Davidson and Terzian (1969a) and Terzian (1972b) concluded from statistical
studies of dispersion measures that the average electron density in the interstellar medium is ~
0.03 to 0.04 cm™,

Precise model-independent measurements of distances to pulsars are rare, yet they are
invaluable resources with which to study the interstellar medium. Knowledge of accurate
distances and dispersion measures provides valuable information on the mean electron density in
interstellar medium (Guélin, 1973). Independent pulsar distance measurements can be achieved
through HI absorption or parallax measurements. For CP 0328 and NP 0531 distances of 0.8 kpc
and 2.0 kpc, both correspond to about 0.03 electrons per cm® (Guelin et al., 1968; Gordon et al.,
1969; DeJager et al., 1969, Trimble, 1968). Manchester et al. (1969) have redetermined the
dispersion measure for PSR 0833-45 and found it to be ~ 69 cmpc, some what higher than that
suggested by previous measurements (Radhakrishnan ez al., 1969). For a distance of 500 pc, the
electron density would be 0.14 cm™ for a uniform medium. However, the line of sight to PSR
0833-45 passes through the Gum Nebula, the largest known nebula in our galaxy. Encrenaz and
Guélin (1970) computed a lower limit to the mean electron density {rt.} in the direction of the

pulsar to be < 0.015 cm™. This is significantly smaller than a value of ~ 0.03 cm™ usually
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assumed for the interstellar medium. From the study of pulsars’ dispersion measure and the mean
and mean-squared interstellar electron density, Gould (1971) found that the electron density in
the galactic plane is ~ 0.12 cm™, which is considered to be too high when compared to a value of
~0.03 cm™ usually assumed for the interstellar medium.

From the study of ISM using pulsars, Guélin (1973) found that pulse polarization and
time of arrival measurements indicate a relatively uniform magnetic field of about 3 uG, whereas
new distance measurements through 21-cm line absorption indicate an electron density of about
0.03 cm™, which is uniform when averaged over large distances (= kiloparsec). Gordon and
Gordon (1973) studied measurements of neutral-hydrogen absorption in the spectra of eight
pulsars and found a value for the mean ISM electron concentration ng} = 0.04 c¢m™. This
estimate is based on distances of one-half the upper limit, or the arithmetic mean of upper and
lower limits (and arbitrarily d = 9 kpc for PSR 1933+16). The inclusion of three pulsars (PSR
0736-40, 0740-28, and 0833-45) inside or behind the Gum Nebula, a local giant HII region, only
increased the estimate to 7.} & 0.05 cm?.

GOmez-Gonzalez and Guélin (1974) showed that the electron density averaged over any
path longer than 1.5 kpc in the solar neighourhood is very close to 0.03 cm™. Distant pulsars are
scattered over a large range of galactic longitude, €.} towards these sources was found to be in
the range of ~ 0.015 and 0.06 cm™. The large-scale averaged electron density in the solar
neighbourhood thus appears to be roughly uniform and of the order of 0.03 cm™ even in the
distant parts of our galaxy. Terzian and Davidson (1976) found from the study of pulsars’
observational parameters and dispersion measures that the range of the electron densities in the
diffuse ISM is 0.01 cm™® < n. <0.1cm®and {ng) = 0.03cm>

For a measured distance of 1.2 kpc from annual trigonometric parallax and a DM of
27.31 cm®pc (Philips and Wolszczan, 1992), the derived mean electron density toward
B0919+06 is 0.023 cm™. This line of sight is along the same galactic longitude as the supper
bubble proposed by Heiles (1998), as well as clouds of ionized gas in the local neighbourhood
(Dupin and Gry, 1998), though at a higher galactic latitude. Annual trigonometric parallax
measurement of PSR J1744-1134 yielded a mean electron density in the path to the pulsar, ns =
0.0088 + 0.0009 cm™ which is the lowest for any disk pulsar close to the galactic equator
(Toscano et al., 1999). Their result showed that the ionized regions are associated with
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interaction at the boundary between the Local Hot Bubble (LHB) and the more distant
superbubble.

Other methods have been used to estimate ¢ in the ISM. Gordon and Gottesman (1971)
obtained a mean rms electron density of approximately 0.15 cm™ in the interstellar medium from
recombination lines of hydrogen at 18 cm in the galactic plane. This density is considerably
larger than those permitted by the theoretical model of Field ez al. (1969) based upon ionization
by soft cosmic rays. The density is not inconsistent with observations of pulsars within 2 kpc of
the sun (Hjellming ez al., 1969) nor with the 10 MHz absorption of radio sources (Bridle, 1969)
because the velocity extent of the recombination lines implies that the ionization is low in these
regions. Gordon and Gottesman (1971) observations show that the experimental parameters used
for these theoretical models may be different in the inner region of the galaxy and hence these
models may not be valid there. Additional observations are required to explore the extent of the
ionization with galactic longitude and latitude.

The ratio of the magnesium ionization stage column densities N(Mgl1)/N(Mgl) has been
used to compute an electron density of 7. ~ 0.2 — 0.4 cm™ toward Sirius, for an assumed LISM
temperature of 7000 K (Frisch et al., 1990; Lallement et al., 1994; Frisch, 1994; Lallement and
Ferlet, 1997). Larger Mgll/Mgl ratios have been measured toward € CMa and & Cas, suggesting
densities of ns = 0.09%85F cm® and n, = 0.11 — 0.50 cm™ respectively (Gry et al., 1995;
Lallement et al., 1996). However, this technique suffers from the requirement of ionization
equilibrium and a strong temperature dependence unlike the ratio of the collisionally excited
carbon line column density to the resonance line column density which can provide ns estimates
without the need for ionization equilibrium and has a very weak temperature dependence.
However, due to the weakness of the excited carbon Il (CII*) absorption and saturation of the
only available UV ground state carbon Il (CII) resonance line, few local interstellar medium
(LISM) lines have been analyzed using this technique. The excited absorption along other LISM
sight lines has been measured at moderate resolution (R ~ 20,000) with Copernicus (York and
Kinahan, 1979) and the Far Ultraviolet Spectroscopic Explorer (FUSE; Lehner et al., 2003),
although typically individual absorbers are not resolved, so the estimates are of average
measurements.

Lallement er al. (1993) found » = 1, =0.06 — 0.10 cm™ from the observed 5 — 6 kms™

decrease in velocity of HI atoms at the heliospheric interface, where ™z is the number of proton
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density. This result however is dependent on the accuracy of heliospheric models. Wood and
Linsky (1997) used high spectra resolution spectra of nearby star system capella to calculate n.

= 01273532 cm™ along the line of sight from the ratio of CII*/CII (where CII* is the excited
carbon Il and CII is the ground state carbon Il) and demonstrated that the relatively simple
absorption profiles through the LISM provide an excellent opportunity to make precise
measurement of the electron density. Holbery et al. (1999) estimated the number of electron

density, (ns = 0.112937 cm?) from the population ratio of the excited to ground state fine-

structure levels in CII using high resolution spectra of the hot DA (where DA is hydrogen-
dominated atmosphere) white dwarf REJ 1032+532. Redfield and Falcon (2008) found that the

distribution of measured LISM electron densities using the Cl1*-to-ClI ratio is consistent with a

lognormal profile, with an unweighted mean value of n. (Cllg) = 0.115352 cm®. The

distribution of electron densities based on using silicon Il (SII) as a proxy for CIlI is similar to the
distribution based on carbon alone, while significantly tighter and proves to be a more promising
technique to avoid grossly overestimating the Cll column density based on the saturated line
profile. This is a strong endorsement for using SlI as a proxy for Cll, in order to make more
accurate electron density measurement. All electron densities derived using Sl as a proxy range
from 0.07 to 0.80 cm™.

2.5 Rotation Measures

Rotation measure is an important tool for the investigation of magnetic field strength of
the ISM using radio pulsars. Measurement of accurate values of rotation measure provides
reliable estimates of the galactic magnetic field. Extragalactic sources give data for the global
magneto-ionic medium while pulsars trace the medium within a few kpc from the sun. Pulsars
have no intrinsic rotation measures while that of extragalactic sources can be quite dominant.
Prior to the discovery of pulsars, only the Zeeman splitting effect seen in HI absorption lines was
able to give quantitative values for the magnetic field strength of the interstellar medium. These
observations have been successful in several radio sources having deep absorption lines
(Verschuur, 1969a), but they give the magnetic field strength in the absorbing HI cloud rather
than in the general interstellar medium (Verschuur, 1969b). Measurements of the polarization of
starlight give the direction of the field component perpendicular to the line of sight. This gives a
poor reflection of the true situation as a result of change in the direction of the magnetic field.
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By combining the deduced rotation measures and dispersion measures, several observers
have estimated the longitudinal component of magnetic field in pulsar lines of sight (Smith,
1968; Ekers et al., 1969; Radhakrishnan et al., 1969; Staelin and Reifenstein, 1969). Large et al.
(1968), Ekers et al. (1969) and Radhakrishnan er al. (1969) estimated an interstellar magnetic
field of ~ 0.8 uG using data on Vela pulsar (PSR B0833-45). This represents a mean value for
the field component weighted by the electron concentration along the line of sight to the pulsar.
If the field is not well ordered, typical values of the interstellar field may be much large.
Verschuur (1969a) obtained field strength of the order of 10 pG in dense HI clouds and
suggested that such large values could be a consequence of field amplification as the HI clouds
contract. For PSR B0833-45, there is no dense HI cloud in the path and so the values of 0.8 pG
might represent, to first order, the unamplified local field in the direction of the pulsar concerned.
The absence of absorption feature in the spectrum of PSR B0833-45 suggests that the measured
magnetic field of 0.8 pG represents the order of the unamplified local galactic field (Manchester
et al., 1969).

The Faraday rotation measurements for the pulsar CP 0950 at a frequency, v = 151 MHz

yields a remarkably small value of ), which corresponds to a field H <02 MG (Smith, 1968).
This result has been interpreted as a peculiar value for the magnetic field in the direction of the
pulsar concerned. From a statistical study of Faraday rotation in pulsars, Staelin and Reifenstein
(1969) found 36 + 5 and 63 + 5 radm™ as the magnitudes of the rotation measures for pulsars NP
0527 and CP 0328, respectively. These correspond to mean longitudinal galactic magnetic field
of 0.9 uG and 2.8 UG, respectively. The indicated uncertainty is dominated by the uncertainty in
the ionospheric contributions. The average density of thermal electrons in the galactic plane is
about 0.03 cm™ and the average of the regular magnetic field along the line of sight is about 1 to
2 UG (Taylor and Cordes, 1993; Goméz et al., 2001). Wolleben and Reich (2003) found that
further observational constraints from H « observations limit the thermal electron density to less
than 0.8 cm™ and concluded that the regular magnetic field strength parallel to the line of sight

exceeds 20 G to account for the observed intrinsic rotation measure.
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CHAPTER THREE

MATERIALS AND METHODS
3.1 Source of Data

A total of 667 pulsars with known rotation measure and dispersion measure values were
selected from the Australia Telescope National Facility (ATNF) pulsar catalogue® (Manchester ez
al., 2005). Most of the pulsars in the catalogue have known dispersion measure values while few
are associated with rotation measure values. The rotation measure values of 104 pulsars from the
ATNF pulsar catalogue were replaced with the new and more accurate values published by
Noutsos et al. (2008). One pulsar (J1507-6604) with a new rotation measure value in Noutsos et
al. (2008) sample was included in our sample, increasing the sample to 668 pulsars. The
dispersion measure (DM), rotation measure (RM), pulsars’ rotation period (P ), period derivative

(P ), characteristic age (7. ), surface magnetic field ( 8) and the radio pulsar distance from the

galactic plane (Z) for the 668 pulsars were taken from the ATNF pulsar catalogue. The sample
is heterogeneous, consisting of 39 recycled millisecond pulsars and 629 normal pulsars. All
objects have positive DM values, while 358 and 310 pulsars have positive and negative RM
values, respectively. The absolute values of pulsars’ rotation measure were used since we are
interested in the magnitude of the rotation measure.

To investigate for any relationship between the time rate of change/time derivative of DM

(dDM]/dt) and interstellar medium parameters (DM and RM) as well as the spin-down

parameters (P, P, 7. and B) of radio pulsars, a total of 349 pulsars with known time rate of

change of DM (dDM/dt) and dispersion measure (DM) values were selected from Hobbs ez al.

(2004) sample. The sample of 349 pulsars’ rotation period, period derivative, characteristic age
and surface magnetic field were taken from the ATNF pulsar catalogue. Pulsars with positive
time rate of change of DM were separated from those with negative time rate of change of DM.
A total of 175 pulsars have positive time rate of change of DM while 174 pulsars are associated
with negative time rate of change of DM. The logarithm of a negative value does not exist and as
such, the absolute values of pulsars’ time rate of change of DM were used, since we are
interested in the logarithmic values due to the wide spread (~ 3 orders of magnitude) in the

2 www.atnf.csiro.au/research/Pulsar/Psrcat
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parameters values. Not all the 349 pulsars with known time rate of change of DM have measured
rotation measure values. Therefore, all the pulsars with measured values of time derivative of
DM and rotation measure were sorted out from both samples (i.e. sample of 349 pulsars and
sample of 668 pulsars). A total of 266 pulsars have known time rate of change of DM and

rotation measure values from the literature.
3.2 Data Analysis and Results

The statistical analysis technique employed in the analysis of current data involves the
simple descriptive and regression methods. Simple descriptive method is used to describe the
distribution of parameters in a sample of data. It is used for frequencies, averages, modes, ranges
and other statistical calculations. This method cannot describe what caused a situation and as
such cannot be used to as the basis of a relationship, where one variable affects another. In other
words, simple descriptive method can be said to have a low requirement for internal validity.
Simple regression method is a statistical process for estimating the relationships between
variables. This method is widely used for prediction and forecasting. It is also used to understand
which among the independent variables are related to the dependent variable and to explore the
forms of their relationships. This method enables one calculate the correlation coefficient r,
which provides the strength of correlation between parameters. The input data used in data
analysis and results are the dispersion measure (DM), rotation measure (RM), pulsars’ rotation

period (P), period derivative (P ), characteristic age ( 7. ), surface magnetic field (B ) and the

radio pulsar distance from the galactic plane (Z). In view of wide spread (~ 3 orders of
magnitude) in the parameters values, only the logarithm of the parameters was considered.

3.2.1 Simple Descriptive Analysis

This involves the plotting of the parameters (both ISM and pulsar spin-down parameters)
on the parameter plane in other to appreciate their distribution.

The distribution of the measured dispersion measure (DM) of the 668 radio pulsars is
shown in Figure 3.1 (a). Evidently, the spread in the parameter is ~ 2 orders of magnitude (~ 2 -
1100 cm>pc) with a mean value of ~ 181 * 7 cm™pc. Apparently, the distribution is skewed
towards the lower values with ~ 440 (~ 66 %) of the objects having DM value below the mean

value. The distribution is unimodal and follows a lognormal distribution.
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Similarly, the distribution of the magnitude of rotation measure (|RM]|) of the 668 radio
pulsars is shown in Figure 3.1 (b). The rotation measure ranges from ~ -3000 — 2400 radm™. This
is a wide spread (~ 2 orders of magnitude) with a mean value of ~ 157 *+ 10 radm?. The
distribution of RM (irrespective of sign) is skewed towards the left side of the mean value (i.e the
lower values of the parameter) with ~ 484 (~ 70%) of the objects having |RM]| value below the
mean value. The distribution is unimodal and follows a lognormal distribution.

The distribution of the 665 radio pulsars’ distance from the galactic plane (Z') is shown in
Figure 3.2. Due to selection effect, three pulsars (J0045-7319, J0529-6652, J1543+0929 with Z
values = -43.19, -29.06, 4.23 kpc, respectively) with extreme values of Z were excluded from
the sample of 668 pulsars in other to appreciate the distribution. The distance of pulsars from the
galactic plane ranges from ~ -2 — 2 kpc with a mean value of ~ 0.43 * 0.02 kpc. The
distribution is multimodal and symmetric about the mean value. Evidently, about ~ 350 (> 50%)
of the pulsars in the sample are found between -0.3 < Z < 0.3 kpc. These pulsars are believed to
be young pulsars and are concentrated within the galactic plane (Z = 0), which is the birth place
of pulsars. Again there is bunching of pulsars (~ 56 number of them) farther away from the
galactic plane (i.e at |Z| ~ 2 kpc). These pulsars have characteristic age between the range of
about 10° and 10® yr and are believed to be middle-aged pulsars (normal pulsars). Pulsars are
born within the galactic plane and as they get old, they tend to move farther away from the

galactic plane (Terzian and Davidson, 1976).

Figure 3.3 is the distribution of the period derivative (P ) of the 668 radio pulsars.
Evidently, the spread in the parameter is ~ 3 orders of magnitude (~ 3 x 10%' -2 x 10 ss?)
with a mean value of ~ (9.94 + 0.05) x 10™ ss™. Evidently, about ~ 450 (~ 67%) of the

pulsars in the sample are found between 10%° < p < 10™ ss™. This modal range is within the
spin-down rate of normal pulsars, implying that most of the pulsars in the sample are fast
rotating pulsars. The distribution is bimodal, which corresponds to the existence of the two

classes of objects in the sample — normal and recycled millisecond pulsars.
Again the distribution of the characteristic age (7.) of the 668 radio pulsars is shown in

Figure 3.4. The characteristic age is ranging from ~ 1 x 10°-5 x 10 yr. This is a wide
spread (~ 2 orders of magnitude) with a mean value of ~ (4.31 + 0.09) x 10% yr. The

characteristic age distribution has a tail at the lower value with ~ 620 (~ 93%) of the pulsars
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having characteristic age below the mean value. This shows that most of the pulsars in the
sample are young pulsars, which are believed to be normal pulsars. The distribution shows the
expected bimodal distribution of the spin-down age, which corresponds to the existence of young
and old pulsars in the sample.

Figure 3.5 is the distribution of the surface magnetic field (B ) of the 668 radio pulsars.
The surface magnetic field ranges from ~ 8 x 10’ —3 x 10 G. The parameter is characterized
by a wide spread (~ 2 orders of magnitude) with a mean value of ~ (3.09 * 0.06) x 10" G.
Notably, about ~ 450 (~ 67%) of the pulsars have surface magnetic field, 5 ~ 10* — 10" G.
This modal range is of the order of 10*? G of surface magnetic field of normal pulsars given by
Lorimer and Kramer (2005). This result reveals that most of the pulsars in the sample are normal
pulsars. As expected, the distribution shows a bimodal distribution.

Finally, The distribution of the rotation period (P) of the 668 radio pulsars is shown in
Figure 3.6. Clearly, the spread in the parameter is ~ 2 orders of magnitude (~ 0.002 — 9 s) with a
mean value of ~0.69 * 0.02 s. The rotation period distribution has a tail at the upper value with
~ 436 (~ 65%) of the pulsars having rotation period above the mean value. This implies that our
sample of 668 radio pulsars is dominated with fast rotating pulsars. These pulsars are believed to
be normal pulsars and they dominate the galactic population of pulsars (Lyne and Smith, 2012).
It is apparent that the distribution shows the expected bimodal distribution of the rotation period,
which corresponds to the existence of normal and recycled millisecond pulsars in the sample.
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Figure 3.1: Histogram of the distribution of the dispersion measure (a) and rotation
measure (b) of the 668 radio pulsars on logarithmic scales.
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3.2.2 Simple Regression Analysis

In this section, our analysis involves the scatter plots of the ISM parameters (DM and
RM) against the pulsar spin-down parameters (P, P, 7, and B). The objective is to determine

the level of dependence (if any) between these two sets of parameters, which probe different
phenomena.

The scatter plot of the magnitude of RM against DM for the 668 radio pulsars on
logarithmic scales is shown in Figure 3.7. A simple linear regression analysis of the data shows
that they are strongly correlated (with correlation coefficient » > 0.7). However, the plot reveals
significant scatter in the values of both parameters. In particular at lower RM values, the scatter
in DM data could be up to 3 orders of magnitude. This appears to decrease as |[RM| increases and

less than an order of magnitude at [RM]| > 100 radm’.
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The scatter plots of logDM and log|RM| against the pulsars’ height from the galactic plane
(Z) for the 665 radio pulsars are shown in Figures 3.8 and 3.9, respectively. It is shown that
most of the pulsars in our sample are within the height of Z = + 1. The scatter in the DM data
for any given Z is quite large and could be up to 3 orders of magnitude at the galactic plane (Z
= 0). However, it is striking to observe that both DA and RM (irrespective of sign) appear, on
average, to increase towards the galactic plane.

Similarly, the scatter plots on logarithmic scales of DM and |RM| against radio pulsar

period derivative (P ) for the 668 radio pulsars are shown in Figures 3.10 and 3.11, respectively.
Evidently, Figures 3.10 and 3.11 are characterized by large amplitude (~ up to 3 orders of
magnitude) scatter in dispersion measure and rotation measure data. However, superimposed on
this scatter is a trend which suggests a relationship between the parameters, in which pulsars with
large spin-down rate, on average, have large DM and |RM|. A simple linear regression analysis of
the data shows that both DM and the magnitude of RM are ~ 50% correlated with the radio pulsar
spin-down rate.

The scatter plots on logarithmic scales of the DM and |RM| against radio pulsar
characteristic age (7.) for the 668 radio pulsars are shown in Figures 3.12 and 3.13,

respectively. Again the Figures are characterized by a weak trend, which superimposed on large
amplitude (~ up to 3 orders of magnitude) scatter in both dispersion measure and rotation
measure data. It is apparent that the ISM parameters (DM and RM) are, on average, anti-
correlated (with correlation coefficient » ~ -0.5) with pulsar spin-down age.

Similarly, the scatter plots on logarithmic scales of the DM and |RM| against radio pulsar
surface magnetic field (B) for the 668 radio pulsars are shown in Figures 3.14 and 3.15,

respectively. Evidently, Figures 3.14 and 3.15 are characterized by large amplitude (~ up to 3
orders of magnitude) scatter in dispersion measure and rotation measure data. However,
superimposed on this scatter is a trend which suggests that pulsars with large surface magnetic
field, on average, have large dispersion measure and rotation measure. A simple linear regression
analysis of the data shows that both DM and the magnitude of RM are ~ 50% correlated with the
radio pulsar surface magnetic field.

No trend was apparent in the DM — P and |[RM| — P scatter plots of the current sample as
shown in Figure 3.16 and 3.17, respectively. As expected, a simple linear regression analysis of
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the DM — P and |[RM| — P data yields » ~ 0.1 as the correlation coefficient in each case. Table

3.1 shows the summary of correlation coefficient results.

Table 3.1: A summary of correlation coefficient, r results.

Correlation coefficient, r

Strength of correlation

DM —|RM| 0.7
DMI|RM| - P 0.5
DMIRM| - T, -0.5
DMI|RM| - B 0.5

DMI|RM| - P 0.1

strong

moderate
moderate

moderate

weak

Paramete

rs
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Figure 3.7: Scatter plot of the absolute values of the rotation measure (RM) against the dispersion
measure (DM) on logarithmic scales for the 668 radio pulsars. Key: o = pulsars with +ve

RM; + = pulsars with -ve RM.
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Figure 3.12: Scatter plot of the dispersion measure (DM) against characteristic age (; ) on
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of characteristic age for the 668 radio pulsars. Key: o = pulsars with positive RM;

+ = pulsars with negative RM.
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3.3 Analysis of Time Rate of Change of DM (dDM/dt) of a Sample of Radio Pulsars

Our sample of 349 pulsars consists of 30 recycled millisecond pulsars and 319 normal
pulsars. The time rate of change of dispersion measure ranges between ~ -10 and 10 cm>pcyr™.
The parameter is characterized by a wide spread (~ 2 orders of magnitude) with a mean value of
~0.48 + 0.08 cm3peyr?,

Figures 3.18 and 3.19 are the scatter plots of the magnitude of dispersion measure
derivative (|dDM/dt|) against dispersion measure (DM) and absolute values of rotation measure
(|RM)) on logarithmic scales, respectively. A simple linear regression analysis of the data shows
that both dispersion measure and rotation measure are poorly correlated (with correlation
coefficient » ~ 0.3) with the time rate of change of dispersion measure. The plots nonetheless
suggest some form of linear relationship between the parameters.

The scatter plots on logarithmic scales of the magnitude of dispersion measure derivative
against radio pulsars’ spin-down rate, characteristic age, surface magnetic field and rotation
period are shown in Figures 3.20, 3.21, 3.22 and 3.23, respectively. A simple linear regression

analysis of the |dDM/dt| - P, |dDM/dt| - 7, ,|dDM/dt|- B, and |dDM/dt| - P data yields r
~ 0.3, -0.3, 0.2 and 0.04, respectively as the correlation coefficients. However, the |dDM/dt| -
P and |dDM/dt| — B correlation suggests a positive relationship between them while the |

dDM/dt| - T, correlation suggests a negative relationship between them. There is no apparent

relationship between the time rate of change of DM and rotation period as seen from the very

weak correlation between them.
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Figure 3.18: Scatter plot of absolute values of dispersion measure derivative against dispersion measure
on logarithmic scales for the 349 pulsars. Key: o = pulsars with +ve dDM/dt; + = pulsars
with -ve dDM/dt.
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Figure 3.19: Scatter plot of absolute values of dispersion measure derivative against absolute values
of rotation measure on logarithmic scales for the 266 pulsars. Key: o = pulsars with
+ve dDM/dt; + = pulsars with -ve dDM/dt.
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Figure 3.21: Scatter plot of absolute values of dispersion measure derivative against characteristic

age on logarithmic scales for the 349 pulsars. Key: o = pulsars with +ve dDM/dt;
+ = pulsars with -ve dDM/dt.
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Figure 3.22: Scatter plot of absolute values of dispersion measure derivative against surface
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magnetic field on logarithmic scales for the 349 pulsars. Key: o = pulsars with +ve
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dDMydt; + = pulsars with -ve dDM/dt.
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3.3.1 Features of some Peculiar Pulsars

The properties of eight peculiar pulsars found at the upper left region of Figures 3.20, 3.22
and 3.23 are summarized in Table 3.2. The pulsar J1952+3252¢ is not among the seven pulsars
in Figures 3.20 and 3.22, but in Figure 3.23 while the pulsar J0700+6418 is not inclusive of the
seven pulsars in Figure 3.23, but in Figures 3.20 and 3.22. It is worthy of note that six of the
pulsars (J0034-0534, J0613-0200, J1623-2631, J1911-1114, J2051-0827 and J2317+1439) are
millisecond pulsars in binary system. The pulsar J0700+6418 is a normal pulsar but is believed
to be in binary system (Manchester et al., 2005) while PSR J1952+3252g is a gamma ray pulsar
(Thompson, 2008). Perhaps, the peculiar features observed among these pulsars could have

arisen due to the fact that they belong to a different class of pulsars.

Table 3.2: Properties of the peculiar pulsars.

PSR P G DM RM T, B d(DM)/dt
(s) (ss) (cm™®po) (radm™) (yn G (em*peyr™)
10034-0534 0.001877 4.96E-21 13.7632 - 5.99E+09 9.76E+07 7
10613-0200 0.003062 9.54E-21 38.785 9.7 5.06E+09 1.73E+08 14
10700+6418 0.195671 6.51E-19 8.771 7 4.52E+09 L.14E+10 8
11623-2631 0.011076 4.41E-19 62.8647 -8 2.62E+08 2.24E+09 3
J1911-1114 0.003626 1.40E-20 30.962 - 4.06E+09 2.28E+08 10
11952+3252g 0.039531 5.84E-15 45.006 -182 LOTE+05 4.86E+11 11
12051-0827 0.004509 1.27E-20 20.75 - 5.61E+09 2.42E+08 17
12317+1439 0.003445 237E-21 21.905 - 2.26E+10 9.15E+07 7

3.4 Further Analysis of DM and RM Dependence on Radio Pulsar Spin-Down
Parameters
The scatter plots of the ISM parameters (DM and RM) against the spin-down parameters (
P, T, and B) are characterized by moderate correlations (|| ~ 0.5) which superimposed on

intrinsic scatters of large (~ 3 orders of magnitude) amplitudes. These observations suggest that
other unknown factors might be playing significant roles in the relationship between these
parameters. This result might not be unexpected in view of complex and largely poorly
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understood interstellar medium. Moreover, it is widely believed that the distribution of electron
density in the ISM is very inhomogeneous (Backer et al., 1993; Hobbs et al., 2004; Lorimer and
Kramer, 2005).

To further investigate the relationship between these ISM parameters and the spin-down

parameters, we average the DM and RM over a given range/bin of log P , log 7. and log B . This
method is capable of dealing with the effects of the unknown factors by averaging them out.

For the characteristic age, the binning is done over the logarithm of the 7. and are as

follows: log7, <5;5<log7, <6;6<log7, <7;7<log7, <8;8<log7,. <9;log7, >9 for

both DM and |RM|. The average logarithmic values of the DM and |RM)| are calculated for each
bin. The standard errors of the mean values of these parameters (DM and RM) were also

calculated. The average logarithmic values for each bin of the 7, were employed in the analysis.

The scatter plots of the average values of logDM and log|RM| against the average logarithmic
values of the pulsar characteristic age are shown in Figures 3.24 and 3.25, respectively. A simple
linear regression analysis of the data shows a very strong anti-correlation (» ~ -0.98) between the

parameters.
Similarly, for the pulsar spin-down rate (2 ), the binning is done over the logarithm of the
P and are as follows: logp <-18;-18 <logp <-17;-17<logp <-16;-16 < logp <-15;-15

<logp <-14;log P > -14 for both DM and |RM]|. The average logarithmic values of the DA and
|RM] are calculated for each bin. The standard errors of the mean values of these parameters (DM

and RM) were also calculated. The average logarithmic values for each bin of the » were
employed in the analysis. The scatter plots of the average values of logDM and log|RM| against
the average logarithmic values of the pulsar spin-down rate are shown in Figures 3.26 and 3.27,
respectively. A simple linear regression analysis of the data shows a very strong correlation (r ~
0.95) between the parameters.

Finally for the pulsar surface magnetic field, the binning is done over the logarithm of the
B and are as follows: logB <9;9<logB <10;10<logB <11;11<logB <12;12<logB <
13; log B > 13 for both DM and |RM|. The average logarithmic values of the DM and |RM| are
calculated for each bin. The standard errors of the mean values of these parameters (DM and

RM) were also calculated. The average logarithmic values for each bin of the B were employed
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in the analysis. The scatter plots of the average values of logDM and log|RM| against the average
logarithmic values of the pulsar surface magnetic field are shown in Figures 3.28 and 3.29,
respectively. A simple linear regression analysis of the data shows a very strong correlation (» ~

0.98) between the parameters. The correlations are statistically significant at 98% confidence.



<Log(DM)>

<Log(abs(RM))>

2.5
2.4
2.3
2.2
2.1
2.0
1.9
1.8
1.7
1.6
1.5
1.4

1.3
4

Figure 3.24: Plot of the mean values of logarithmic dispersion measure against mean values

2.3
2.2
2.1

2.0
1.9
1.8
1.7
1.6
1.5
1.4
1.3
1.2

of logarithmic characteristic age.

1.1 L
4

10
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Figure 3.26: Plot of the mean values of logarithmic dispersion measure against mean values
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Figure 3.27: Plot of the mean values of logarithmic absolute values of rotation measure against

mean values of logarithmic period derivative.

64



<Log(DM)>

<Log(abs(RM))>

2.6 — —
2.5 |
24
23|
22}
2.0 |
19|

1
|_9_|
|

17|

1.4 - . I . I . I . ! . I .
8 9 10 11 12 13 14
<LogB>

Figure 3.28: Plot of the mean values of logarithmic dispersion measure against

mean values of logarithmic surface magnetic field.
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Figure 3.29: Plot of the mean values of logarithmic absolute values of rotation measure against
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CHAPTER FOUR

DISCUSSION AND CONCLUSION
4.1 Discussion

The dispersion measures and the rotation measures are believed to be caused by similar
effect, which is the effect of electron content of the interstellar medium on propagation of radio
pulses. Therefore, strong correlation between the rotation measure and the dispersion measure is
as expected, since the rotation measure is directly related to the dispersion measure (e.g. Guélin,
1973; Noutsos et al., 2008; Lyne and Smith, 2012). Pulsars that are located where the electron
content along the line of sight to the pulsars is high or low will be invariably associated with
large or small dispersion measure and rotation measure, respectively (e.g. Guélin, 1973; Noutsos
et al., 2008; Lyne and Smith, 2012).

Pulsars are believed to be born from massive O and B stars (i.e. population | stars) that are
concentrated strongly along the galactic plane. This observation is consistent with the standard
theory of the birth of neutron stars in the core collapse supernova explosion of massive stars
(Kaspi and Helfand, 2002). From the violent condition associated with the birth of pulsars during
supernova explosions, it is not surprising to know that pulsars are high velocity objects. Pulsars
are born within the galactic plane with high kick velocities that are largely asymmetric
(Shklovskii, 1970) and large spin-down rate (Ostriker and Gunn, 1969). The origin of these kicks
is not yet clear, but may lie in small asymmetries in the supernova explosions (Lyne and
Lorimer, 1994). The random velocities of massive stars (O and B stars) from which pulsars are
believed to be born during supernova explosions are within the range of ~ 5000 — 7000 kms™
(Shklovskii, 1966). Pulsars are associated with large space velocities that could carry most of
them generally away from the vicinity of their birth places (Lyne and Lorimer, 1994). They are
characterized by random space velocities distribution. The space velocities estimated from
interpretation of vertical distribution of pulsars with different ages are ~ 100 kms™ (Gunn and
Ostriker, 1970). The rms space velocities extracted from measurement of proper motion are ~
210 kms™ (Lyne er al., 1982). The rms space velocities estimated from interstellar scintillations
are ~ 160 kms™ (Cordes, 1986). Space velocities of ~ 690 kms™ were estimated from pulsar
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supernova remnant association (Caraveo, 1993). The mean pulsar birth velocity is ~ 450 kms™
(Lyne and Lorimer, 1994).

The trend observed in the relationship between the interstellar medium parameters (DM

and RM) and the radio pulsar spin-down parameters (7, 7. and B) is remarkable. This is

because the interstellar medium is not expected to significantly affect the intrinsic spin-down of
radio pulsars on pulsar rotation. The significance of the relationship is that it strongly supports
the widely accepted theory for pulsar birth and evolution, in which pulsars are believed to be
born near the galactic plane with asymmetric kick velocities. Consequently, pulsars move
progressively away from the galactic plane (hence steadily into regions of average lower electron
density content) as they age. Young pulsars are believed to be associated with large spin-down
rate and surface magnetic field and are found close to the galactic plane, where every line of
sight will, on average, contain higher electron density which corresponds to higher dispersion
measure/rotation measure. As pulsars get old, their initial velocity carries them farther away
from the galactic plane and hence steadily into regions of average lower electron density content
which corresponds to lower dispersion measure/rotation measure. This region, whether above or
below the galactic plane will be populated by relatively older pulsars that are characterized by

smaller spin-down rate and surface magnetic field.

On the other hand, the electron density is considerably higher in HII regions, supernova
remnants and nebulae (Davidson and Terzian, 1969b; Prentice and Ter Haar, 1969). If a pulsar
(whether young or old) is located behind the nebula or associated with H Il region or supernova
remnant, it will invariably be associated with higher dispersion measure/rotation measure,
irrespective of the pulsar being near the galactic plane or farther away from the plane. This could
account for the large scatter observed in both DM and RM data.

Again a pulsar may be young and probably associated with very high space velocity, which
might be able to move it farther away from the galactic plane and hence into a region of lower
electron density content which corresponds to lower dispersion measure as well as rotation
measure. Similarly, some older pulsars might have been associated with very low space
velocities that were not able to carry them farther away from the galactic plane. As such, they are
believed to be still lying within the galactic plane, where every line of sight, on average, is



68

characterized by higher electron density content which corresponds to higher DM/RM. This
interpretation might possibly explain the large scatter seen in both DM and RM data.

Furthermore, it is expected that pulsars move in different directions but generally away
from the galactic plane. If the direction of a pulsar (whether young or old) is at longitude 0°. The
pulsar is thought to be lying near the galactic plane, where the electron density content is very
high, resulting to high dispersion measure/rotation measure. Similarly, if the direction of a pulsar
is at longitude 90°, it is believed to be above or below the galactic plane. This region below or
above the galactic plane is characterized by relatively lower electron density content which
corresponds to lower DM/RM.

It is widely known that most activities of radio pulsars such as timing noise, glitches etc do
not depend significantly on the pulsar rotation period. In fact, it has been shown that most of the
pulsar parameters (like second time derivative of the spin frequency, stability parameter, timing
residual etc), which characterize radio pulsar timing noise revealed no appreciable dependence
on pulsar rotation period (e.g. Hobbs et al., 2010). As such, the existence of no appreciable
dependence of both DM and RM on the rotation period of pulsars is not unexpected. Most
activities of radio pulsars depend strongly on the pulsar spin-down rate. Although, most of the
derived parameters of pulsar such as spin-down age, surface magnetic field, spin-down energy
loss rate etc depend on the rotation period of pulsar. Pulsars are born with different rotation
period. Some pulsars are millisecond and young pulsars while some are millisecond and old
recycled pulsars.

It is believed that irregularities in the electron density distribution in the galaxy are
responsible for DM variation of pulsars (e.g. Backer et al., 1993; Hobbs et al., 2004; Lorimer and
Kramer, 2005). Other factors such as turbulent spatial variations which drift across the line of
sight between the earth and the pulsar (You er al., 2007) and ionospheric effect as well as solar
wind contributions such as coronal mass ejection (McComas et al., 2000; Schwenn, 2006) can
cause DM variation. The existence of a linear relationship between the time rate of change of
DM and the DM/RM is as expected as proposed by Backer et al. (1993) and Hobbs et al. (2004).
Very young pulsars with large spin-down rate and surface magnetic field are thought to be
associated with large time rate of change of DM due to their location in the galaxy, where the
electron density irregularity is large while very old pulsars with small spin-down rate and surface
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magnetic field are thought to be associated with small time rate of change of DM due to their
location in the galaxy, where the electron density irregularity is small.

The time rate of change of DM is not expected to have any dependence on pulsar rotation
and as such, there is no appreciable relationship between the time rate of change of DM and the
pulsars’ rotation period, which depend on pulsar rotation. It is also noteworthy that the peculiar

pulsars are in binary system and are associated with large dDM/dt, which is thought to be as a

result of contribution from the ionized envelope of the companion object (Freire et al., 2003).
4.2 Conclusion

The observed parameters of 668 radio pulsars have been extensively studied for any
relationship between those that are intrinsic to the pulsars and those that characterize the
interstellar medium. There is an existence of a positive relationship between the parameters
(dispersion measure and rotation measure) that characterize the interstellar medium and the radio
pulsar spin-down rate and surface magnetic field, which characterize the intrinsic spin-down
evolution of neutron stars. On the other hand, a negative relationship between the parameters
(dispersion measure and rotation measure) that depend on the electron content of the interstellar
medium and the radio pulsar characteristic age, which depends on the spin-down rate of radio
pulsars, was observed. There is also some form of striking negative relationship between the
dispersion measure and rotation measure and the radio pulsar distance from the galactic plane.
The significance of the relationship is that it strongly supports the widely accepted theory for
pulsars birth and evolution, in which pulsars are believed to be born near the galactic plane with
asymmetric kick velocities. The observed large scatter in both DM and RM data highlights the
complex nature of the electron content distribution in the ISM and the large dispersion in both
the magnitude and direction of pulsar space velocities. Variation in dispersion measure is
pronounced and has been attributed to the electron density irregularities along the line of sight to

pulsars.
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