Chapter 1

Introduction

1.1 Overview

The discovery of pulsating radio sources (Hewish et a. 1968) named as Pul sars has
turned out to beoneof thegreat discoveriesin astronomy. Aswe understand now, pulsars
are highly magnetised, rapidly rotating neutron stars. Theexistenced such stellar objects
was discussed wdl before the discovery of pulsars. For example, soon after the discovery
of neutrons, Baade & Zwicky (1934) had suggested a possible connection between the
supernova phenomena and the formation of neutron stars.

The most striking property of these pulsating radio sources was that their pulse rep-
etition periods were found to be stable to better than 1 part in 107 over intervals of a few
months. This, aong with the short duration of pulses, implied that these astronomical
objects must be very compact and sufficiently massive. White dwarfs and the theoreti-
cally predicted neutron stars were the natural candidates for such compact objects. The
subsequent discoveriesof two short period pulsars, the Crab and the Vda pulsars (Staelin
& Reifenstein 1968, Large et al. 1968), with periods of ~ 33 ms and ~ 89 ms respec-
tively, ruled out the possibility of white dwarfs being the source o the observed pulsed
radiation. In the initial attempts to explain the periodicity, three distinct mechanisms
were considered: radial pulsations, orbital motion and rotation. When radial pulsation
was considered, the observed range of two orders of magnitude in period implied a density
range too large to be possiblefor a single class of objects (radial pulsation period is pro-
portional to p‘%, where p is the mean stellar density). The models with orbital motion
also had serious difficultiesand they were ruled out conclusively when the pulsation period
was observed to increase with time; contrary -to the trend expected in these models. Thus
rotation of the neutron star alone remained as a viable explanation for the pulsar clock
mechanism (Gold 1968). The Crab and the Vea pulsars being associated with supernova
remnants gave a strong support to this conclusion.

Neutron stars are extremely dense objects with masses comparableto the mass of the
sun, but with radii of only about 10 km. Strong sdlf gravitation enables them to withstand
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rotation ratesas highas several hundred timesa second. Theseobjectsare believedto have
asolid crust made up o iron nuclei forming a strong lattice structure embedded in a sea of
fermi electrons in the outermost regions, and a superfluid interior made up of degenerate
neutrons along with superconducting protons and degenerate electrons. Density of these
objects vary from 10* gcm™? doseto the surfaceto 4—5x 101 gem=2 at the coreand they
areasofound to possessvery strong magneticfiedsaof the order of 108 =102 gauss. These
fields are frozen into the neutron star matter and hence rotate with the star, generating
intense electric fields which in turn are responsible for accelerating charged particles to
ultra-relativistic speeds. Thesecharged particles, in turn, emit curvature radiation as they
move along the open magnetic field lines. As a result we see pulses whenever the cone
of open field lines crosses our line-of-sight. Despite the high intensity observed, the radio
emission represents only a small fraction of the total energy lossrate. Most of the energy
lost from the system is carried away by the low-frequency electromagnetic waves.

Most of the rotation powered pulsars emit radiation at radio frequency while the
accreting binary pulsars emit X-rays where the source of energy is accretion rather than
rotation. A number of radio pulsars have also been observed at optical, X-ray and ~-
ray frequencies. Multifrequency as wdl as long-term observations have given a wealth of
information about the interior structure of neutron stars and their emission mechanism.
Yet there exist a lot of unanswered questions. Pulsars also act as a useful probe of the
interstellar medium, and help to study the distribution of the free-electron density and
the structure of the magnetic field in our gdaxy. They also provide rare opportunities
to test many important theories under physical conditions which are not reproducible in
the laboratory. The physicsinvolved in the pulsar studies ranges from classical dynamics
and electromagnetism to quantum mechanicsand general relativity (for a detailed review,
see Pulsars as Physics Laboratories, eds Blandford et al. 1992). The study of pulsars
presents challengesto both, the observersto develop new observing techniques as wdl as
the theorists to come up with better models for the internal structure and the emission
mechanism of the neutron stars to match with the observations.

Although 700 pulsars are known so far, period derivative measurements (required for
the estimation of age and the magnetic fied strength of pulsars) are not available for a
significant fraction of the sample. Rotational parameters of pulsars can be determined by
carrying out timing observations systematically over a long timescale. In addition to the
secular dow-down, sudden jumpsin the period (glitches)as wdl as dow variations known
as timing noise are observed in some relatively young pulsars. Study of these phenom-
ena provides valuable clues to our understanding o the interior structure of the neutron
stars. With a long term goal of extending studies on such phenomena, we developed an
observational and analysis setup using the Ooty Radio Telescope for pulsar timing. As
a short term goal, using this setup, we have made timing measurements on 16 newly
discovered pulsars with an immediate goal of obtaining their rotational and positional
parameters to an useful accuracy. This thesis presents the data over a span of 1 year and
results of the timing analysison 16 pulsars in the southern sky. This project has involved
work in software development, monthly observing sessions, data processing/analysis and
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interpretation of the results. All of these aspects are described in the following chapters.

A brief outline of the thesis is as follows. In the remainder of this chapter we present
an overview of pulsar topics relevant to the chapters which follow. Chapter 2 describes
the telescope that we used for the observationsand the observational details. Chapter 3
describes the softwarethat hasbeen developed and used in the timing analysis. In Chapter
4 and 5 we present and discussthe various results that we have obtained from our timing
analysis, as wel as from the average pulse profiles.

The work presented in the last chapter (chapter 6) is unrelated to the previous chap-
ters, and it is an attempt to get a handle on the large scale magnetic fied of our Galaxy
from pulsar observations. Pulsarsact as excellent probes of the galactic magnetic field as
their radiation isoften highly linearly polarised. The plane of polarisation rotates due to
the presence df the electron plasma and the magnetic field in the intervening medium; an
effect known as 'Faraday Rotation’. Using a model for the electron density distribution in
our galaxy and the data on Faraday rotation in directions to the pulsars we have tried to
re-examine the various models for the large scale galactic magnetic field. The details and
results of this investigation are presented in this chapter.

1.2 Basic Properties of Pulsars

There are currently about 700 pulsars known within our galaxy. Five pulsars have been
discovered in our nearest neighbour galaxies namely the Large Magellanic Cloud and the
Small Magellanic Cloud. Even though the majority of the galactic pulsars lie very close
to the galactic plane, a considerablenumber of them are seen at large distances from the
plane. Thisis mainly because of the high velocities acquired during their birth; given a
typical velocity ~100 km/s they movefar from their birthplaceduring their active lifetime.
Thetotal number of pulsarsin our galaxy isestimated to be more than 10° or so (Lyne et
al 1985, Narayan & Ostriker 1990, Deshpande et al. 19%). But the number of detected
pulsarsisa very small fraction of the above. One of the main reasonsis that all surveys
are highly sensitivity limited, detecting only those which lie close to the Sun unless they
are highly luminous. A second reasonisthat pulsars can be detected only if their emission
cone happens to crossour line o sight.

Pul sars may begrouped intotwo categories. ‘Normal pulsars which are mostly young,
isolated pulsars with rotational periods between 20 milliseconds to 2 seconds. A major
fraction of the known pulsars belong to this category. The other class, known as 'mil-
lisecond pulsars, are very dd pulsars with rotation periods from 1.5 ms to 20ms. Most
of these millisecond pulsars are found in binary systems with low mass white dwarf com-
panions. These millisecond pulsarsare believed to have been born in a binary system as
normal pulsars and subsequently undergone spin-up due to the accretion of matter from
the binary companion.
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Figure 1.1: Longitude-time diagram o the pulsars PSR 1133416 and PSR 0031-07 showing
the variations in shape and intensity of a seriesof individual pulses. Theintegrated profile
isshownon thetop. Each horizontal seriesaf dots representsone pulse; thesizeof thedots
indicates the intensity. Subpulsesor bursts of enhanced emission covering 3-10 degrees
of longitude can be seen in most pulses. In the case of PSR 0031-07, well-organised drift
bands can be seen.

1.2.1 Characteristics of the Pulses

One of the hallmark characteristic of pulsarsis their highly periodic pulse emission. The
time interval between two successive pulses corresponds to one rotational period, which
in usual notation is referred to as 360° of longitude. Although lots of variations in in-
tensity and shape are seen in individual pulses, if a few hundreds of consecutive pulses
are summed up synchronously with the pulse period one obtains a very stable integrated
profile, establishing a distinguishing characteristic for each pulsar. In some pulsars, in
addition to the main pulse, an interpulseisseen close to haf the rotation period. In these
pulsars, it is believed that the magnetic axis would be nearly orthogonal to the rotation
axis of the neutron star and hence the emission is seen from both the poles.

Normally, individual pulses consistsaf one or more components called subpulses (see
fig 1.1). These subpulses may be considered as the basic units & emission having an
almost gaussian shape and a width of 3-10 degreesd longitude. These subpulsesoccur at
varying longitudes within the pulsewindow. If the subpulsesare stronger and occur more
frequently at a particular longitude, then components or peaks would be formed when
many pulses are averaged to form a integrated profile. Depending upon the intensity and
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Figure 1.2 Microstructure of the pulse from PSR 0950+08 recorded at 111.5 MHz and
smoothed to a time resolution 28 us. [After Hankins, 1971].

position of the subpulse, the shape of the pulse varies from simple profiles with just a
single peak or one component to complex profiles containing upto five components which
may partially overlap. Subpulse intensitiesare found to be very wdl correlated over wide
frequency intervals and their widths are found to be correlated with their intensity - the
stronger subpulses tending to be narrower. An mteresting phenomenon observed in some
pulsars is that these subpulsesdrift systematically across the pulse window, for example,
first appearing at the trailing edge of the profile and then drifting toward the leading
edge (Drake & Craft 1968). A detailed classification scheme is used for different profile
shapes: type ‘ Sy & S4' for core and conal single profiles, ¢D, ¢T, c¢Q for conal double,
triple and quadrupl e respectively. Pulsars having more than four components are classified
as multiple'M" and type 'C' for complex profiles and type 'D’ for pulsars with drifting
subpulses (Lyne & Manchester 1988, Rankin 1983a,b).

A number of pulsars undergo abrupt changesin their pulseshape to some other stable
form. They remain in this state for hundreds to thousands of periods and change back
to the origina shape abruptly. This phenomenon is known as 'mode changing’, and is
commonly seen in type C pulsarsand is understood as a redistribution of the emitting
regions in the neutron star (Rankin 1986). |n some pulsars, observation with high time-
resolution show further finestructures in time of the order of few microsecondswithin the
subpulse. These are known as ‘micropulses’ (Hankins 1971, 1972) (fig 1.2). In relatively
old pulsars, the intensity of the pulsegoes below the detection limit from afew periodsto
hundreds of periods and then resumes back to normal intensity level. This phenomenon
is commonly known as 'nulling’.  Until recently, these were considered as 'last gasps of
dying pulsars, whereas now it appears that pulsars do not null by ssmple virtue of their
age (Rankin 1986.)

In general the shape d the integrated profile is frequency dependent in the sense
that the separation between the componentsfollow the relation, A4 « v~?, where the
separation index, p, is typically about 0.2 at low frequencies. In rmost cases there is a
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break frequency above which the separation still follows a power law, but a steeper one.
Also, it isfound that the width of the componentsdecrease with increasing frequency.

1.2.2 Polarisation

The integrated profilesdf a number o pulsars have essentially complete linear polarisa-
tion. The polarisation position angle often varies smoothly through the profile, with the
total change less than or about 180°. Such postion.angle variation was observed first
by Radhakrishnanand Cooke (1969) for the Vda pulsar. This led them to suggest the
"rotating vector modd" in which the direction d the polarisation vector correspondsto
the direction of the magnetic field lines (seen as projected onto the sky) sampled by an
observer as the neutron star rotates. But in some pulsars such smooth and monotonic
behaviour o the position angle o the linear polariition is not seen. A more careful
anadysisdf data showed that such a nonmonotonic behaviour was due to the presence of
very nearly orthogonal modes. Backer and Rankin (1980) pointed out that both modes
may be present at al times, but their relative dominance may change with longitude
within the pulse window and hence serioudly disrupt the average angle behaviour. When
dlowance.is made for such ‘flips’ in the polarisation mode, the individual modes show
a behaviour which is fully consistent with the prediction d the rotating-vector modd of
Radhakrishnan and Cooke (1969). But this modd, of course, cannot explainthe presence
of an orthogonal modepol arii perpendicularto the projected magneticfield.. Chengand
Ruderman (1979) attributed these effectsto an "adiabaticwaking” of the polarisation as
the radiation propagates through the magnetoactive plasmain the magnetosphere.
Circular polarisation is also observed, but in the integrated profileit rarely exceeds
20 percent o the total intensity. In most cases, the handednessd thecircular polarisation
iSseen to reversesign very close to the centred the pulse (Rankin 1983). In some cases,
there isd so a weak symmetriccircularly polarised component. L ey

13 The Emission Mechanism

o

Although many models for emisson have been proposed S0 far, this is one of-the least
understood aspectsd the pulsar. Thereis nosingletheory that explainsall the following
observed featuresd the pulsar emisson:

e extremely high brightnesstemperaturesd theorder o 103 to 10?8 K.

e occasiona intense pulses from a few pulsars, implying brightness temperatures as
high as 10% to 103 K

e stable mean pulse profile consistingd one or more (upto 5) components

e systematic decrease d the pulse width with increasing radio frequency and rotation
frequency
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Figure 1.3: The schematic pictured a rotating, magnetised neutron star

e an “interpulse” located about haf way between the main pulses

drifting subpulses, micropulses, nulling & mode changes
e erratic pulse-to-pulse amplitudefluctuations

continuousswing in the linear polarisation vector

90° (orthogonal) transitionsin the position angle o the linear polarisation vector
and circular polarisation emisson

The schematic pictured the pulsar is shown in fig (1.3). The magneticfied of the
neutron star probably has significant multipole structure within a few stellar radii of the
surface, but further out it isassumed to be dipolar. Goldreich and Julian (1969) considered
thisdipole magneticfidd to beaigned with the rotation axisand argued that it would act
as a homopolar inductor capable of generating high voltages ~ 10'® volts. This electric
field is strong enough to pull out eectronsand protonsfrom the surface in spite of ,very
strong gravitational force. Becaused the strong magnetic field, these charged particlesare
forced to move aong the fidd lines and thus co-rotate with the star. However, co-rotation
cannot persist beyond the surface where the tangential velocity equalsthe velocity of light
- that is beyond the so-cdled light cylinder, which has a radius

C

Ry =g ~5x 10°p (em) (1.1)
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The charged particles trapped in the magnetic field lines which close within the light
cylinder will form a co-rotating magnetosphere, while those in "open fidd lines' will be
accelerated to ultra-relativistic energies and flow out of the light cylinder. In a comple-
mentary model, Ostriker and Gunn (1969) considered an inclined dipole. In this, the main
energy loss mechanismisdue to the emission of magnetic dipoleradiation whoseluminosity
will be determined by the strength o the perpendicular component of the magnetic field
and the angular velocity of the neutron star. Even though, these models have served as
the foundation for much of the understanding of pulsars, they don't explain the observed
pulsed emission.

The rotating vector model (Radhakrishnan and Cooke, 1969; Komaseroff 1970) ex-
plained the pulsed emission and the observed linear polarisation. Theaccelerating charged
particles would be constrained to move along thefield lines because of the strong magnetic
fidd. Since the fidld lines diverge from the polar cap, these particles will emit curvature
radiation. This radiation will be linearly polarised and the direction of the polarisation is
along the projected magnetic fiedd line near the polar cap. But this model cannot produce
emission near the centre of the pole as the curvature of the field would be zero. Hence,
the emission would be in a hollow cone. The double pulse observed in some pulsars, the
pulse width, as wel as the polarisation could be explained by this modd. Two years | ater,
Sturrock (1971) pointed out that the relativistic wind from the pulsar will consist mainly
of electron-positron pairs. These very high energy particles accelerated along the open
fied lines will produce very high energy gamma rays. These gamma rays are unstable
against the creation of electron-positron pairs because of the strong magnetic field near
the pulsar. Each of these particles in turn will produce more gamma rays which will pro-
duce more electron-positron pairs etc.. Thus a cascade develops. Thisseminal idea was
the basis for the polar cap gap model due to Ruderman and Sutherland (1975).

Contrary to the Goldreich-Julian model, Ruderman and Sutherland (1975) pointed
out that because of the very high binding energy of the neutron star crust, even the large
electric field generated near the surface will not be able to pull out the positive ions.
This may develop a magnetospheric gap above the polar cap across Wi ch the potential
differencewill be about 10!2 volts. They showed that such avoltagegap would periodically
dischargein atime scale d a few microseconds due to electron-positron cascade as argued
by Sturrock (1971). Depending upon whether the magnetic moment of the neutron star is
parallel or antiparallel to the spin angular momentum, electronsor positrons respectively
will get accelerated in the gap and move out along the open fidd lines. It isthese particles
#close to the polar cap that produce the observed curvature radiation quite consistent
“with the observed variation of the linear polarisation. This model and its extension by
Chengand Ruderman (1979) givessatisfactory explanations for many observational details
such as microstructure of pulses, the drifting subpulses, nulling, the switching between
orthogonal modes of polarisation etc.. In the pair creation model of Sturrock (1971) and
Ruderman and Sutherland (1975) when the voltage generated by the pulsar drops below a
critical value, copious pair production will cease and the star will stop working as a radio
pulsar (in the framework of the gap model, the gap will stop sparking).
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Although most of the pulsars have been detected at radio frequencies, few pulsars
emit pulsed radiation at optical, X-ray and gamma ray frequencies. Crab pulsar has been
found to emit at all frequencies. According to Pacini and Rees (1970), the optical radiation
is due to incoherent synchrotron radiation from near the light cylinder.

Observed luminosities (assuming conical beams) are in the range of 10% to 10?8 ergs
s~! for most pulsars. If we assume a source area of 10'® cm?, across which the light travel
time is 1 msec, the specific intensities corresponding to these luminosities are extremely
high (10* to 107 ergscm=2 s~! Hz~! Sterad~!) and the brightness temperatures arein the
range 10%* to 10?6 K. Observationsof microstructure with characteristic time scales of the
order of 100 us in severa pulsars, and d so the occasiona intense pulses from the Crab
pulsar, imply brightness temperatures as high as 103 to 10%! K. Such high brightness
temperatures would demand the radio radiation to be coherent. According to Ruderman
and Sutherland, high coherenceis achieved if the emission comes from bunches of charged
particles emitting curvature radiation.

1.4 The Interstellar Medium

Pulsars are excellent probes of the interstellar medium. Various propagation effects in
the intervening medium that the pulsar signals sufferson the way to the observer give a
lot of information about the medium. For example, the distribution of electron density,
the interstellar magnetic field and the small-scale structures present in the interstellar
medium.

1.4.1 Interstellar Absorption

The broad band nature of pulsar emission makes possible the study of variousabsorption
processes occurring in the galactic disk. At low frequencies, free-free absorption of pulsar
radiation by thermal electrons in the interstellar medium gives information about the
electron density distribution in the gdaxy. In the spectra of a number of pulsars low-
frequency cut-offs are observed, but part of the turn-over at the low frequency could be
due to processesintrinsic to the pulsar itself.

Observations of the 1420 MHz spectral lineof neutral hydrogen in absorption against
continuum sources have led to a "two-component” model for the interstellar medium. The
two components are: (1) relatively cold, dense and isolated regionsknown ascloudsand (2)
a hotter, lessdense intercloud medium. The optical depth for neutral hydrogen absorption
is proportional to Ny /T,, where Ny isthe column density of hydrogen atoms and T, is
the “spin” or excitation temperature for 1420 MHz hyperfinetransition. Therefore, most
of the absorption takes place in cold, dense clouds. One of the principal problemsin
HI-absorption measurementsagainst ordinary continuum sources is the determination of
the emission contributed by neutral hydrogen within the antenna beam, the so-called
'expected profile. Absorption measurements against pulsars are not troubled by this
problem, because the expected profilecan be determined during the portion of the period
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when the pulsar is 'off', which is not possible with the absorption against continuum
sources. Absorption features are always narrower than the emission features, which gives
strong support to the "two-component” model for ISM.

Where absorption is detected, an approximate distance to the neutral hydrogen cloud
can beinferred from the velocity extent of the absorption using the model for the differen-
tial rotation of the galaxy. This provides an independent method of determining distances
to pulsarswithout using dispersion measure. But these observationsaresensitivity limited,
because most of the pulsars have low mean flux density.

1.4.2 Interstellar Dispersion

-
, Dispersion is the most noticeable effect of the interstellar medium on the observed pulses.

Much of thegasin theinterstellar medium isionised and thegroup velocity for propagation
of a radio wave through this plasma is a function of its frequency. For a homogeneous,
isotropic medium the group velocity is given by

2
vy =c <1 - %) ‘ (1.2)

where f, is the plasma frequency and f is the wave frequency. For continuous signals
the varying velocity with frequency won't be observable, but the pulsed nature of pulsar
emission makes it possible to evaluate the degree of dispersion from the differencein pulse
arrival times at two different frequencies, which is given by

bymty = = (1 1)/Lndl (1.3)
:mh= 27rmec f2 Tli o '

where fol‘ nedl isknown as the dispersion measure (DM) of the pulsar. Dispersion measures
for known pulsars range from 2 pc em~* to more than 1000 pc cm™3. Variation in the
DM over a period of time indicates that a region of excess density has moved into or out
of line of sight and the magnitude of the change can be used to estimate the density and
scale-sizesdf the electron 'clouds.

If the distance to a pulsar is known, a value for the mean free electron density in the
path to the pulsar can be obtained. Alternatively, if the distribution of free electrons in
the galactic disk is known, the DM gives a value for the distance to the pulsar. From
the pulsar dispersion measures, there isevidence for three components to the dispersion:
(i) nearby intervening ionized hydrogen (HII) regions; (ii) a thin disk associated with
ionisation from hot, young stars; and (iii) a large halo whose scale height exceeds the scale
height of pulsar population (Manchester & Taylor 1977). Recently more comprehensive
models of the galactic tiistribution of freeelectrons have been developed (Taylor & Cordes
1993).
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1.4.3 Faraday rotation and the Galactic Magnetic field

Theradiation from pulsarsisoften found to be highly linearly polarised, which can bc con-
sidered as the sum of two equal-amplitude, opposite handed, circularly polarised signals.
In the presence of a magnetic field, the index o refraction will be diglitly different for the
two opposite circular polarisations. Hence this effect makes the plane o polarisation of
the linearly polarised wave rotate along the path, an effect known as 'Faraday Rotation'.
This effect is cumulative and so even the week interstellar magnetic fields can rotate the
plane of polarisation substantially given long distances. The angle of rotation (in radians)
after traversal of a path L is

L
A4 = 0812X2 / n. B cos 8dl (1.4)
0

where B is the magnetic flux density in 4G and 6 is the angle between the line of sight

and thedirection of the interstellar magneticfield, A is the observing wavelength (m) and
L isin parsecs. The rotation measure (RM) is then defined as

A¢ = RM)? (1.5)

so that , L
RM = 0.812/ neB cos 0 dl (1.6)
- Jo

The rotation measure is positive for fieds directed towards the observer and negative for
fields directed away and the amount of rotation increases with decreasing frequency.
In practice, the RM is found by measuring the difference in position angle at two
wavelengths A; and Ag, so that
' $2— & (1.7)

RM=Y—n

To obtain accurate rotation measures, position angle measurements should be made at
two widely separated frequencies. Together with.the DM of the pulsars, the RM can be
used to estimate the mean longitudinal field (in pG) weighted by the electron density,

given by

e3 L
_ -——7?‘[0 neB”dl _ RM
(By) = ZEm T = 1.232557- (1.8)

demonstrating that pulsars are very useful tools for studying the galactic magnetic field.
Apparently, the pulsar magnetosphere does not contribute any significant Faraday rota-
tion, hence it becomesan ideal tool to study the galactic magnetic field.

1.4.4 |Interstellar Scattering

Theinterstellar gas contains irregularitiesof electron density having a wide range of phys-
ical scales. Pulsar radiation traverses three distinct plasma regions. the interstellar and
the interplanetary medium, the magnetosphere and the ionosphere. Random variations
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of the electron density lead to a fluctuation of refractiveindex which result in scattering
of incoming radio waves, causing distant radio sources to scintillate. While scintillation
due to the ionosphere and the interstellar medium may be confused, especially at radio
frequencies, that due to the interstellar plasma is readily distinguishable by its longer
timescales (of the order of minutes) and the much smaller radio bandwidth (typically <
« 1 MHZz) over which intensity fluctuations are correlated. This effect has been analysed by
using a simple method in which the perturbing medium is collapsed into a thin scattering
screen situated between the pulsar and the earth (Scheuer 1968, Manchester & Taylor
1977). The scattering is associated with scale-sizesof the order of Fresnel zone radius
ry =JD, wheref isthe frequency of the signal and D is the distance of the scattering
screen from the observer (Backer 1989).

The temporal modulation known as diffractive interstellar scintillation (DISS) is a
result of the relative motion of the observer, the medium and the pulsar. The spectral
. features can be described statistically by a characteristic frequency bandwidth and a char-
= acteristic time span over which the observed intensities decorrelate. These quantities are
known as the decorrelation bandwidth (Af,) and decorrelation time (t,) respectively. A
simple analysis (e.g. see Manchester & Taylor 1977) shows that

4

Afy x 55\77 (1.9)
and f

where f isthe observing frequency and DM is the dispersion measure. The modulation in
frequency arises from the frequency dependenceof the location of the maximaand minima
in the diffraction pattern.

DISS isonly observed if the source diameter is less than the scale of the diffraction
pattern at the earth. Otherwise, patterns from different parts of the source overlap and
cancel out. Scintillation isonly observablefor those radio sources whose angular diameter
is less than the scattering angle, typically 107 arcsec (Stinebring & Cordes1990). So far
pulsars are the only sources known to exhibit strong DISS (Rickett 1990).

In addition to the above effect, the propagation of the pulsar radiation along direct
and scattered ray paths causes the pulse to be asymmetrically broadened in time. The

,, Observed pulse profile is thereforea convolution of the actual pulseshape with a truncated
exponential whose characteristic time width 7, is (2rAf,)~! (Lyne& Smith 1990) i.e.

7, M DM? : (1.11)

In addition to DISS, the early pulsar observations showed dow variations (days to
years) in the apparent intensity. Rickett et al. (1984) proposed that refractiveinterstellar
scintillation (RISS) may produce the dow intensity variation in pulsars, and possibly in
compact extragalactic sources. RISS is thought to be due to focussing or defocussing of
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rays from the source by inhomogeneitieswith scale sizes larger than the Fresnel-zone scale
(eg. 10'" to 10' cm).

Observations of the effects of both RISS and DISS are useful probes of the ISM and
are essential to constrain theoretical models o the scattering medium. DISS observations
can also be used to determine the space velocitiesd pulsars, which when combined with
estimates of thedistances that pulsars have travelled from their birthplace in the galactic
plane, gives an information of pulsar ages. The high spatial coherence df pulsar radi-
ation leads to the formation of extremely fine-scale diffraction patterns, which provides
information on the size of pulsar emission regions.

1.5 Pulsar Timing

One of the most outstanding propertiesd pulsarsisthe regularity of the rotation period.
Careful measurements of pulsearrival timesover long intervalsshow that the pulsar period
is more stable than 1 part in 10'2, The pulse arrival measurements must be corrected
for a number of effects, such as the motion o the Earth around the Sun, dispersive
delay at the observing frequency and for relativistic clock correction. If the period of the
pulsar is known to sufficient accuracy, it can be used to predict the pulse arrival times in
advance. However, over an interval of a fev months the measured arrival times begin to
show significant departure from the predicted arrival times. The difference between the
predicted and the measured arrival times (residuals) fall on a parabolic curve, indicating
that the pulsar period (if it was assumed constant) is changingat a uniform rate over the
span of the observations. Thisrate, caled the 'period derivative, isfound to be positive
in general, i.e. the pulsar dowsdown. Most of the pulsars have period derivatives of the
order of 10713 gs~!, Millisecond pulsars have period derivatives4-5 orders of magnitude
smaller.

Although the period stability o pulsars is very high, apart from the secular dow-
down there are departures seen especially in the case of young pulsars. Such pulsars are
subject to 'glitches, which are sudden and apparently unpredictable change in the period.
Glitchesare believed to result from sudden transfer of angular momentum from the interior
superfluid to the outer crust. Sofar, glitches have not been detected in millisecond pulsars
which are believed to be old recycled neutron stars. In addition to glitches, some pulsars
show small random fluctuations in the residuals, known as 'Timing Noise.

The remarkable stability of pulsar periods, particularly of the millisecond pulsars,
alow many interesting effects to be measured such as the change in position, or proper
motion of the pulsar due to its space velocity. But the most remarkable results have come
from the study of binary pulsars giving conclusiveevidencefor Einstein's General Theory
of Relativity (Taylor et al. 1992). Pulsearrival timesfrom a binary pulsar, in addition to
the period and period derivative, also reflect the orbital motion of the pulsar with respect
to the binary system barycentre. A detailed analysis of the pulse arrival time variations
expected for pulsarsin binary systems has been given by Blandford & Teukolsky (1976).
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Thefirst discovered binary pulsar PSR1913+16 isfound to be in a highly eccentric orbit.
At periastron the pulsar velocity exceeds 0.1% o the velocity of light and it approaches
within asolar radius of its companion.

Another remarkable result which has come from pulsar timing is the first detection of
extra-Solar System planetary companionsto a star. The millisecond pulsar PSR1257+12
was found to have three planetary companions with close to Earth massesand with orbital
periods of about two and three months (Wolszczan & Frail 1992). Thisdiscovery opens up
the possibility of using pulsars as toolsfor studying the formation of planetary systems.

High precision comparisons between ‘pulsar time' and terrestrial atomic time show
that over intervals of several years, some millisecond pulsars have fractional stabilities
comparable to those o the best atomic clocks (Taylor 1991). Hence, observations of
millisecond pulsars would prove to be very useful as diagnostic tools- helping to establish
frequency and time standard.

Summary of this chapter

e We have briefly discussed the basic properties of pulsars, the various mechanisms
proposed to explain their .emission, the observed polarisation characteristics, the
variety in the observed pulse shapes and the classification schemes based on these.

¢ We have also discussed the propagation effects the pulsar signal suffersasit traverses
the interstellar medium.

e An introduction to Pulsar Timing isgiven in the last section.
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