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Synopsis

The radio emission form a tiny fraction of the total energy released by pulsars during
spin down. The majority of this energy is lost as high energy X-ray and ~-ray radi-
ation and as a wind of relativistically charged particles flowing out into the ambient
Inter Stellar Medium (ISM) in addition to the magnetic dipolar radiation. However,
the radio emission is unique for its coherent nature which is demonstrated by the high
brightness temperatures of all the radio emission components from pulsars. This puts
significant constrains on not only the origin and mechanism of radio emission but also
the general conditions in the pulsar magnetosphere and therefore serves as a very use-
ful tool in their understanding. The idea of the presence of the inner vacuum gap
above the magnetic poles acting as a source of relativistic outflowing plasma (Stur-
rock 1971; Ruderman & Sutherland 1975) has been necessitated to explain the origin
of the radio emission from pulsars. The conventional pulsar radio emission is pulsed
in nature, occupying a fraction of the pulsar period and their polarization features
demonstrate traits of their origin from dipolar magnetic field lines (Radhakrishnan &
Cooke 1969). Detailed theoretical modelling have revealed two locations in the pulsar
magnetosphere where coherent radio emission can originate, in the inner magneto-
sphere at heights of 50 Rg (Melikidze et al. 2000; Gil et al. 2004), where Rg being
the radius of neutron star, and at the outer magnetosphere near the light cylinder
(Kazbegi et al. 1987, 1991; Lyutikov et al. 1999). In the inner magnetosphere nonlin-
ear instabilities develop in the outflowing plasma leading to charge bunching which
instigate a large number of charged particles to emit in phase. One of the major de-

velopments in our understanding of pulsar radio emission has been the observational
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demonstration of emission heights of the main pulse emission to be 20-50 Rg (Rankin
1993a; Blaskiewicz et al. 1991; Kijak & Gil 1997; Gangadhara & Gupta 2001). This
indicates the bunching mechanism in the inner magnetosphere as a likely source of
the radio emission within the framework of the inner vacuum gap. But the question
that stands out is the manifestation of the mechanism in the outer magnetosphere
which is also a likely outcome of the pulsar process and the possibilities of identifying
them. The present thesis is an attempt to address the prospect of radio emission
in the outer magnetosphere of pulsars. The radio emission from pulsars originate
in the outflowing plasma moving along the open dipolar field lines. The main pulse
emission originate in the inner magnetosphere implying that any other emission orig-
inating higher up would likely be seen far away from the main pulse emission. This
may be manifested as either a continuum background radiation along the baseline of

the pulsar profile or a pulsed component far away from the main pulse.

Offline-Gating Technique

The main observational part of this thesis is devoted to search for and categorize
the presence of any baseline emission in the pulsar profile away from the pulsed re-
gion. The conventional pulsar observations were unsuitable for these studies owing to
the inadequate understanding of the baseline level. In order to address this issue we
developed the technique of ‘Offline-Gating’ to separate the On- and Off-pulse data
and image them independently to look for the presence of any low level emission
in the Off-phase coincident with the On-pulse. This was carried out using the high
time resolution (128/256 millisecond) mode of the Giant Meterwave Radio Telescope
(GMRT) interferometer and observing long period pulsars (Period > 1.3 seconds) to
enable secure separation of the two gates. The interferometric data were folded with
the periodicity of the pulsar studied to determine the On- and Off-phases. The data
file was copied into two parts and on each part a gate was set up to keep only the
On and Off-phase data respectively and edit out the rest. Each of these files were
now imaged using standard imaging techniques (NRAO AIPS software) to look for



Off-pulse emission in the position of the On-pulse. The signals in the Off-pulse were
expected to be very sensitive to systematics in the receiver chain and careful tests
were devised to identify any spurious detections. In particular we looked for noise
correlations along adjacent time bins and also checked for leakage in the data chain
using a pulsed noise source generator. However, we failed to detect any spurious

signals in the Off-phase due to inconsistencies in the telescope system.

Off-pulse emission from Pulsars

We used the ‘Offline-Gating’ technique to search for Off-pulse emission in six long pe-
riod pulsars B0525+21, B2045-16, B1237+25, B0834+06, B0320+39 and J2144-3933
at the 325 MHz and 610 MHz frequency band of the GMRT. We succeeded in detect-
ing faint Off-pulse emission (< 1% of peak pulsar flux) in five long period pulsars at
both the observing frequencies, J2144-3933 being the only instance of non detection,
which were the first secure detections of Off-pulse emission from pulsars, to the best
of our knowledge. Two of the pulsars B05254+21 and B2045-16 were observed during
multiple epochs and Off-pulse emission were detected at each instance. The ISM den-
sities required to drive a Pulsar Wind Nebulae (PWN) for these weak pulsars turned
out be too improbable to explain a PWN origin of the Off-pulse emission (Frail &
Scharringhausen 1997). We looked for observational traits of the Off-pulse emission
in order to characterize their nature and origin in the pulsar magnetosphere. The
Off-pulse emission showed flux variation at all time scales due to scintillation in the
ISM. However the variation in the Off-pulse flux closely followed the changes in the
On-pulse flux in all the pulsars at both short and long timescales. Using the refractive
scintillation timescales (Stinebring & Condon 1990; Bhat et al. 1999; Stinebring et al.
2000) for the pulsars we have estimated the upper limits for the emission heights of
Off-pulse emission which indicate a magnetospheric origin of Off-pulse emission. In
addition we have also estimated the spectral index of Off-pulse emission at low radio
frequencies between 325 MHz and 610 MHz. The Off-pulse emission appear to exhibit
a steep spectra similar to the On-pulse emission for the pulsars B0525+21, B2045-16
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and B0320+39. However the Off-pulse spectra undergoes flattening for B0834+06
and show turnover in the case of B1237+25. We need to understand how the emis-
sion beam is illuminated at the location of the Off-pulse emission and distortions due
to propagation effects, aberration-retardation, etc. before we can fully comprehend

the diversity in the Off-pulse spectra.

Emission Mechanism in Outer Magnetosphere

The magnetospheric origin of the Off-pulse emission enabled us to estimate their
brightness temperatures which turned out to be > 10'® K indicating the emission
to be coherent like the main pulse. In addition the location of the Off-pulse emis-
sion far away from the main pulse in the pulsar profile and the underlying dipolar
geometry of the pulsar indicated the emission to originate higher up in the pulsar
magnetosphere. The cyclotron resonance instability is postulated to develop in the
outer magnetosphere of pulsars (Kazbegi et al. 1987, 1991; Lyutikov et al. 1999) and
serves as a possible source of coherent radio emission. We have looked into the possi-
bility of the instability developing in the five pulsars with detected Off-pulse emission
and found the conditions to be favorable. In addition we have also demonstrated the
mechanism to be energetically viable to explain the detected Off-pulse emission from
the five pulsars. However, our studies were based on initial estimates and detailed
modelling is required taking into account the illumination of the emission beam, the
exact location of emission, propagation effects, spectral behaviour of Off-pulse emis-
sion, polarization characteristics, etc., for a thorough understanding of the Off-pulse

emission process within the purview of this emission mechanism.

Pre-Cursor emission from Pulsars

The core-cone morphology have been successful in explaining the underlying struc-

ture of the main pulse emission in a vast majority of normal pulsars. However the
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pre-cursor emission (Backus et al. 2010; Mitra & Rankin 2011) seen in a handful of
pulsars seem to be incompatible with this picture. We have investigated four pul-
sars with signatures of pre/post-cursor emission components within the purview of
the established geometrical picture with particular emphasis on pulsars B1822-09
and B22244-65 which have been observed over a wide radio frequency range. The
multi frequency studies reveal that the post-cursor component in B2224+65 resem-
bles an outer cone emission. The pre-cursor component in B1822-09, B1322+83 and
B0943+410 however cannot be reconciled within the standard mechanism. We have
demonstrated the morphological differences of pre/post-cursor from the wider outer
cone emission and in the process also tried to characterize the morphology of the
pre-cursor emission. The presence of pre-cursor emission raises interesting questions
about their origin with respect to the main pulse. The dipolar geometry of the pul-
sar magnetosphere constrain the precursor emission to originate higher up the open
field lines thereby highlighting the possibility of a different emission mechanism being
involved.

In this thesis we have studied radio emission which originate far away from the
main pulse emission in pulsars, in the form of Off-pulse and pre-cursor emission. In
the standard geometrical picture of pulsars we have demonstrated these emission com-
ponents to originate higher up the pulsar magnetosphere. We have explored cyclotron
resonance mechanism originating in the outer magnetosphere which is consistent with
the Off-pulse emission and may also be the source of pre-cursors. The radio emis-
sion seem to encompass two distinct regimes in pulsars, the conventional main pulse
emission originating in the inner magnetosphere and the distinct class of Off-pulse
emission and pre-cursors which originate in the outer magnetosphere near the light

cylinder.
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Chapter 1
Introduction

The radio emission from pulsars is one of the most fascinating phenomenon in modern
astrophysics. The pulsars are rapidly rotating neutron stars emitting bursts of radio
pulses (usually 10% of the time) and are supposedly radio quiet for the rest of the
period. The neutron star is characterized by mass of 1.4M, and radius of around 10
km and is also believed to harbour very high magnetic fields whose dipolar component
is of the order of 10'? gauss on the stellar surface. The neutron stars exhibit fast
spin periods ranging from few milliseconds to a few seconds which manifest as the
interval between successive pulses. The neutron stars can be categorized into two
main classes the accretion powered X-ray binaries and the rotation powered pulsars.
The rotation powered radio pulsar slows down with time as the pulsar looses energy
due to loss of dipolar radiation of the spinning magnet and can be further classified
into young pulsars, middle aged/old pulsars and millisecond pulsars. The young
pulsars are highly energetic with high spin down rates and fast periods of several
tens of milliseconds. The young pulsars are also known to emit high energy radiation
in the X-ray and v-ray frequencies. The middle aged and old pulsars, also known
as normal pulsars, with periods ranging from a few hundred milliseconds to several
seconds, form the majority of the pulsar population and is the subject of our present
studies. In addition there are also the millisecond pulsars which are expected to be
recycled burnt out pulsars with periods of few milliseconds.

Radio Pulsars have been extensively studied since their discovery by Hewish et al.



(1968) more than four decades ago. The radio emission form a tiny fraction of the to-
tal electromagnetic radiation emitted by pulsars but it is distinguished by its coherent
nature. This is reflected in the high brightness temperatures (~ 10* K) associated
with the radio emission. The coherent emission requires a specialized emission mech-
anism where a large number of charged particles must radiate in phase. A number of
sophisticated observations coupled with theoretical advances over the past few decades
have revealed great details about the radio emission mechanism in normal pulsars.
Though a comprehensive mechanism explaining the overall radio emission is still at
large we have nonetheless gained a basic understanding of the underlying physical
processes necessary for the origin of radio emission. In the subsequent sections of this
chapter we present the current understanding about the physical conditions around

the neutron star necessary for the generation of radio emission in normal pulsars.

1.1 Physical Characteristics

The presence of any electromagnetic radiation requires one or multiple regions in
or around the pulsar capable of producing and/or accelerating charged particles. A
large number of possible sites have been proposed in the literature ranging from the
Inner Acceleration Region as a Vacuum Gap above the polar caps (Sturrock 1971;
Ruderman & Sutherland 1975) to the Outer Gap originating higher up the magne-
tosphere (Cheng et al. 1986a,b) and intermediates like the Slot Gap and Extended
Outer Gaps (Arons 1983). In this thesis we take the viewpoint that the coherent
radiation leading to the main pulse emission in normal pulsars originates as a result
of curvature radiation from charged bunches (like solitons) at emission heights of ~
500 km above the stellar surface (e.g. Cordes 1978; Blaskiewicz et al. 1991; Rankin
1993a; Kijak & Gil 1997, 1998, 2003; Malov & Suleimanova 1998; Mitra & Deshpande
1999; Gangadhara & Gupta 2001; Mitra & Li 2004; Krzeszowski et al. 2009). The In-
ner Acceleration Region produces spark associated nonstationary, relativistic, singly
charged primary particles (7, ~ 10%). A primary particle moving along high magnetic
fields radiates high energy photons which further give rise to a secondary pair plasma

(7 ~ 500). The plasma instabilities developing in the secondary plasma is capable of
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producing charge bunches in the inner magnetosphere. We believe the Inner Accel-
eration Region to be most appropriate for explaining the observed main pulse radio
emission from normal pulsars and in the rest of this section we briefly explore the
conditions leading to the generation of pair plasma in neutron stars (Ruderman &

Sutherland 1975).

1.1.1 Pulsar Magnetosphere

The pulsar is characterized by its fast rotation periods (P) and large magnetic fields
(B). A rotating magnetic dipole loses energy due to dipole radiation which is readily
seen in radio pulsars as a gradual increase in its period. The slow down rate (P) gives
a direct estimate of the surface dipolar fields of neutron stars. The spindown power

of the pulsar is given by: .
A P
73 (1.1)

Here (=27 /P) is the angular velocity and I(~ 10* g cm?®) the moment of Inertia

E=_-100 =

of the neutron star. The power due to dipole radiation on the other hand is given as
(magnetic axis orthogonal to the rotation axis):

. BIY'RY

b= (1.2)

Here By corresponds to the dipolar component of the surface magnetic field and
Rg(~10° cm) is the radius of neutron star. The surface dipolar magnetic field can be
obtained equating eq.(1.1) and eq.(1.2) as By ~ 3.2x 10'%(PP)"/? G. For a typical
pulsar with period 1 sec and period derivative 1071° sec/sec the surface dipolar field is
102 G. The magnetic field near the stellar surface (Bs) however is highly multipolar
with By = bBy and b > 1 (e.g. see Mitra et al. 1999b).

The presence of very high magnetic field ensures the existence of a charge sep-
arated magnetosphere around the neutron star satisfying the “force-free” condition
(Goldreich & Julian 1969). In the context of the neutron star this implies that the
electromagnetic forces overshadows the other inertial and dissipative forces. The ro-

tating magnetic field gives rise to an electric field which in the observer’s frame is



given as:

Qxr)xB

Bt (1.3)

C

A charge separated magnetosphere is formed around the neutron star with the Goldreich-

Julian density
Q-B 1

" 2mce 1 — (Q x 1r/c)?

The charges in the pulsar magnetosphere co-rotates with neutron star to ensure that

1

the electric field is neutralized and the “force-free” condition (E-B = 0) is maintained.

1.1.2 The Inner Vacuum Gap and outflowing plasma

The pulsar magnetosphere is divided into two distinct regions, the closed field line
region with corotating charges and the open field line region above the polar regions.
The open and closed field line regions are demarcated by the light cylinder (Rpc =
¢/Q?). The charges flow out along the open field lines where the force free condition
breaks down leaving behind a vacuum gap above the polar caps with large electric po-
tential drop across it. This gap region called the Inner Vacuum Gap (IVG) undergoes
periodic breakdown where charge particles are produced, accelerated and ultimately
escape the pulsar magnetosphere into the surrounding medium. The IVG is funda-
mental to all electromagnetic radiation emitted from the pulsar as it is the primary
source of moving charges.

The IVG is discharged by a cascade of pair production, which starts with a ~-
ray photon interacting with the magnetic field producing an e~e® pair and stops
as the ngy charge density is attained. This process ultimately produces the singly
charged, ultra relativistic primary particles beyond the IVG and takes place through
the following steps: (i) The e~e™ pair is accelerated by the electric potential in
opposite directions (The electric field ensures that only particles of single charges
escape the IVG). (ii) The accelerated particles radiate further ~-ray photons via
curvature radiation and/or inverse compton scattering. (iii) The ~-ray photons so
produced give rise to further pairs which continue the process till ng; charge density

is reached and the potential along the magnetic field line quenches. The gap height



stabilizes at the mean free path length of the y-ray photons and is given by (Ruderman
& Sutherland 1975):

h=5x10%b~4" PV P47 ps®" cm (1.5)

Here pg = p/10° cm, where p is the radius of curvature of the highly multipolar
magnetic field lines in the gap region. The maximum potential drop across the gap

is given as:
AV = QBh?/c ~ 5x 107 b VT p3/MUp 1M /7 Npolts (1.6)

The ‘Sparking” model proposed by Gil & Sendyk (2000) postulate that the discharge
in the IVG is carried out via a series of sparks of lateral dimension ~ h, the height of
the gap. The mean separation between the sparks is also of similar size, i.e h. The
maximum energy the primary particles can attain for typical pulsar parameters (i.e.
P =1sec; P = 107" sec/sec; p = 10% em) is 7, = eAV/me* ~ 3x106.

Once the primary particles escape the IVG the electric potential drop vanishes
stopping further acceleration but they keep on emitting ~-ray photons either due to
curvature radiation, with characteristic frequencies hiw. = 3+;Tc/p, or resonant and
nonresonant inverse compton scattering (Medin & Lai 2010). The photons continue
pair production resulting in a cloud of secondary e~ e™ plasma with typical energies
Yp = hwe/2me* ~ 10 - 1000 and density n, = xngs, where y ~ 10* is the Sturrock
multiplicative factor (Sturrock 1971). The periodic breakdown of the IVG results in
a series of secondary plasma clouds with a wide spread in energy, moving outward
along the open magnetic field lines. The sparks in the IVG undergo a F x B drift due
to the presence of the uncanceled electric fields. The E x B drifting is believed to be
responsible for the well known phenomenon of subpulse drifting seen in certain pulsars.
In order to explain the slower subpulse drift rates compared to the purely vacuum gap
case, as seen in some pulsars, Gil et al. (2003) have proposed a modification to the IVG
model by introducing the concept of Partially Screened Gap (PSG). According to the
PSG model the electric potential in the Vacuum Gap in certain instances is partially
screened by charged particles and ions escaping from the stellar surface as the polar

regions gets heated up by a continuous bombardment of back flowing particles. In
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Distribution function of particle energy.

Figure 1.1 The figure shows the energy distribution function of the outflowing plasma
in the pulsar magnetosphere (Goldreich & Julian 1969; Sturrock 1971; Ruderman &
Sutherland 1975). The plasma consists of two principal components, the primary
plasma, v, ~ 10° with a narrow spread in energies, and a secondary plasma, 7, ~ 102

with a much wider spread in energies.

such a scenario the maximum energy of the primary particles would be lower due to
the reduced electric potential across the gap and inverse compton scattering effects
are expected to be more dominant. In most cases the screening effect would vary
with time depending on the heating of the polar surface.

The relativistic plasma produced as a result of the periodic breakdown of the
IVG is fundamental to the production of radio emission in pulsars and has certain
unique characteristics. A rough overview of the plasma energy distribution function is
represented in figure 1.1. The plasma is nonstationary, multi component, one dimen-
sional and overlapping. The nonstationary nature, in contrast to a uniform supply of
plasma, results from the periodic breakdown of IVG leading to a discharge for a few
tens of microseconds which subsequently produces the primary and secondary clouds.
The process stops for a few tens of nanoseconds while the gap potential builds up
before the next discharge begins. This further leads to overlapping clouds of plasma

where the higher energy particles of the plasma cloud in the rear catches up with the



slower particles of the plasma cloud above it and is very important for generating in-
stabilities which can lead to coherent radiation. The high value of the magnetic fields
in the pulsar magnetosphere further ensures a one dimensional plasma flow, closely
following the magnetic field lines, with any perpendicular component of the energy
dissipating fast. In summary the open field line region consists of certain field lines
where a ‘spark’ develops in the IVG which give rise to clouds of outstreaming, dense,
overlapping secondary e~ e plasma penetrated by highly energetic singly charged

primary particles.

1.2 Origin of Coherent Radio Emission

The basic ingredient for the development of coherent radio emission is a stream of
overlapping clouds of relativistic plasma, with a relatively wide energy distribution,
moving along dipolar magnetic field. The multipolar components decay faster and
only the dipolar components are prominent beyond the vacuum gap. The coherent
emission can arise due to the growth of plasma instabilities in the outflowing plasma.
There are two prominent sites in the pulsar magnetosphere where such instabilities
may develop due to various physical processes. In this section we briefly explore the

likely conditions which may lead to coherent radio emission in pulsar magnetosphere.

1.2.1 Emission mechanism in inner magnetosphere

One popular model for radio emission in normal pulsars has been the concept of charge
bunching exciting coherent curvature emission at heights of 50Rs (~10° cm). At
observed radio frequencies (~ 1 GHz) v, ~ 500 particles are required at these heights
for curvature radiation. A possible mechanism for charge bunching was suggested
by Ruderman & Sutherland (1975) to be the two stream instability. The secondary
pair plasma would undergo bunching by its collective coulomb interaction with the
surviving primary particles (v, ~ 10%). However, detailed studies revealed that the
above mechanism is inefficient for bunch formation as the growth rate of the instability

is inadequate (Ursov & Usov 1987). In recent years the bunching model have been



improved utilizing the inherent nonstationarity in the outflowing plasma. The charge
bunching leading to formation of relativistic solitons have been proposed as a possible
mechanism for radio emission (Melikidze et al. 2000; Gil et al. 2004). The overlapping
particles of different energies from successive clouds of secondary plasma give rise
to strong Langmuir oscillations which is the only instability that develops at these
heights. The Langmuir oscillations so developed are longitudinal, electrostatic waves
which are still unable to account for the observed radio emission. The Langmuir
waves are modulationally unstable and their nonlinear evolution give rise to plasma
solitons with characteristic length~ 30 ¢cm. The secondary e~ e™ pair plasma as they
propagate along open field lines undergo a relative energy separation (Ay = |y+—~7])
in order to maintain the ‘force-free’ condition (E-B = 0). In the case when A~y is large
(i.e Avy/y, ~ 1), e.g. in presence of highly nondipolar fields in IVG, the resultant
relativistic mass difference between the two induce the pondermotive forces to act
on the two charged species at different rates. This cause charge separation within
a soliton which is however electrically neutral with zero total charge. The charge
density of the solition is ny ~10ng;. Using the characteristic length of solitons and the
‘Spark’ area (S| = 7(h/2)*(R/Rs)® ~ 3x10'? cm?) translated to emission heights, an
estimated ~ 102! charges are expected to be present in a soliton. The charge separated
solitons moving along the dipolar magnetic fields emits coherent curvature radiation
(soliton length scales < wavelength of radio waves, ensuring coherent nature). There
are approximately 10° solitons associated with each ‘Spark’ and about 25 such ‘Sparks’
in the IVG. The total power emitted from the pulsar is an incoherent combination
of all these sub elements with the basic unit, the charge separated soliton, emitting

coherent curvature radiation.

1.2.2 Emission mechanism in outer magnetosphere

In the IVG model, resulting in dense overlapping clouds of secondary plasma pene-
trated by highly energetic primary particles, there is a possibility of generating coher-
ent radio emission in the outer magnetosphere near the light cylinder. The emission

mechanism first proposed by Kazbegi et al. (1987, 1991) gives rise to radio emission



via the resonant interaction of the plasma waves in the secondary plasma with the
drifting primary particles. The emission mechanism known as the cyclotron reso-
nance instability in relativistic plasma which leads to the cyclotron maser emission
has been proposed as a feasible mechanism for generating coherent emission at low
radio frequencies in many astrophysical systems. The emission mechanism works in
plasma systems where excess free energy in the particle distribution is unable to dis-
sipate internally. The excess energy is directly emitted as electromagnetic radiation
through a mechanism of negative absorption in the plasma equivalent to a maser like
emission. The cyclotron resonance instability is expected to be the source of radio
emission in a large number of space plasma and astrophysical systems like the auroral
kilometric radiation of Earth, the auroral emission in Jupiter, Saturn and exoplanets,
spikes in radio emission from the Sun and stars at low radio frequencies, coherent
radiation from Blazar jets, and so on (Treumann 2006).

As previously mentioned the neutron star is characterized by a strong magnetic
field, especially near the surface which makes the plasma flow one dimensional along
the field lines (as any velocity component perpendicular to the field is damped out
by emitting synchrotron radiation). This condition is however relaxed near the light
cylinder where the magnetic fields have decreased sufficiently (Br = B4(Rs/R)?) to
allow drift across it. The outflowing secondary plasma harbours various electromag-
netic modes which are capable of escaping the plasma boundary. A certain mode
in the secondary plasma may undergo resonant interaction with the drifting primary
particles. If the growth rate of this mode is sufficient they would escape the plasma
boundary as coherent radio emission.

This emission mechanism is of particular interest in the context of this thesis and a

detailed analysis have been carried out regarding its applicability to pulsars in chapter

4.

1.3 Observational bounds

There is a wealth of observational results in the literature which have revealed great

insights about the radio emission from pulsars. Some of these observational proper-



ties help discriminate between various physical models explaining the origin of radio
emission while others are still outside the bounds of our current understanding. In
this section we look at a few observational results that are key in identifying the ra-
dio emission mechanism within the physical picture presented earlier. We also briefly
explore certain observational features that lie outside the purview of the emission

mechanism so identified and motivate the work presented in this thesis.

1.3.1 Shape of Main Pulse and Emission Heights

The radio emission from pulsars is highly beamed and exhibit high degree of polar-
ization. The observed emission is a complex function of the inherent orientation (the
angle between magnetic and rotation axis) of the pulsar and the observers line of sight
geometry. The average pulsar profiles (obtained after averaging several thousand pe-
riods) show the presence of a main pulse which occupies about 5-10% of the pulsar
period (although the extent depends on geometry) and in most cases the remainder
of the profile appear to be radio quiet. The main pulse show a high level of linear
polarization with some circular polarization also being present. The Polarization Po-
sition Angle (PPA) show a S-shaped swing across the main pulse which is in excellent
agreement with the Rotating Vector Model (RVM) proposed by Radhakrishnan &
Cooke (1969) and underlines the dipolar nature of magnetic field at the emission
region.

The main pulse emission has a complex morphology which exhibit a frequency
evolution. A number of studies involving many normal pulsars have helped uncover
the underlying structure and location of the main pulse emission. The main pulse is
made up of one or more pulsed components known as subpulses. The subpulses show
slow drifting phenomenon and their width scales with period as 2.4°P~'/2 (Rankin
1990; Maciesiak et al. 2012). The origin of subpulses and the overall morphology of
the main pulse have been explained in the context of the ‘Sparking’ model presented
in section 1.1 and the dipolar geometry. The main pulse emission can be decomposed
into a core emission occupying the central field lines surrounded by two or more nested

cones (Rankin 1993a; Mitra & Deshpande 1999). The core and the conal regions are

10



populated by sparks where each spark give rise to radio emission at the emission height
in the form of a subpulse. The conal emission exhibit modulation and drifting due to
slow E x B drift of the sparks, which cause the subpulses to circulate around the cone.
The morphology of the observed emission will depend on whether the line of sight cuts
the emission cone centrally (core emission with/without outriding conal components)
or in a tangential manner (conal double profiles). The frequency evolution of the
morphology is accounted for by recognizing the fact that radio emission at different
frequencies originate at different heights with lower frequency emission originating
at a higher altitude resulting in a different cut to the emission cone by the line of
sight and usually an increase in the pulse width with decreasing frequency. Using the
dipolar geometry an estimate of the emission height at 1 GHz is given as (Kijak &

Gil 1997):

1.23°

Here the opening angle 6, the angle between the magnetic axis and the tangent to

rG=1o< i >2P km (1.7)

the outermost open field line, is determined from the line of sight geometry and the
observed width of the main pulse. Solving for the geometry of the pulsar (angle
between magnetic and rotation axis «, and opening angle £, the minimum angle
between the observer’s line of sight and magnetic axis) and using the measured width
of the observed main pulse the emission height have been measured to be (Kijak &
Gil 2003)

ra = (400 + 80) Vé?{gGiO.OQ pg.log’?io.OS P0.30i0,05 km (18)

The height of the main pulse emission can also be independently determined by
considering the effects of aberration/retardation (A/R) which will shift the emission
with respect to the central field line depending on the emission height (Gangadhara
2005; Blaskiewicz et al. 1991). The aberration in the pulsar profile is a result of the
rotation of the pulsar which gives rise to a perpendicular component of the velocity
causing a relative shift in the observed emission position while retardation arises due
to the slightly different path lengths the emission from different parts of the pulsar

profile has to cover in order to reach the observer. The emission altitude using the
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A/R effect is given as (Dyks et al. 2004):

A¢ 2w

2¢ 1.
5 360° [LC (1.9)

TAR = —

Here A¢ is the shift in the profile due to the A/R effect which can be determined
in a variety of ways (see Mitra & Li 2004, for a discussion of the different methods
used). The emission height in this case turns out to be rap < rg (Krzeszowski
et al. 2009). This method suffers from uncertainty in identifying a fiducial point for
the central phase with the emission height estimates representing a lower limit. A
detailed calculation for the phase shift due to A/R effect including shift due to polar
cap current is carried out in Gangadhara (2005).

The estimates of the emission heights using various independent techniques reveal
that the main pulse emission originate in the inner magnetosphere around 50Rg.
This indicates that the relativistic charge separated soliton discussed in section 1.2.1,
originating within the framework of IVG, is a likely candidate for main pulse emission

in normal pulsars.

1.3.2 Emission outside Main Pulse

In the vast majority of pulsars the region outside the main pulse do not show any
pulsed emission component. In special cases, when the magnetic axis is perpendicular
to the rotation axis, the emission from the other pole is observed in the profile at
approximately 180° away from the main pulse as an interpulse emission (Hankins
& Fowler 1986). The interpulse emission is accommodated within the purview of
the emission mechanism explaining the main pulse, being its counterpart from the
opposite pole. However a few pulsars show the presence of a pre/post cursor (PPC)
component preceding/succeeding the main pulse emission. These PPC components
are usually connected to the main pulse via a bridge emission and exhibit a high
degree of linear polarization. In the model explaining the pulsar emission with the
radio emission originating along dipolar field lines, the PPC emission lies outside the
region where the instability condition, viz. the charge separated solitons, giving rise to

the main pulse emission can develop and as such their origin is hitherto unexplained.
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There have been a few studies (Backus et al. 2010) where the detection of the PPC
components have been reported but no systematic studies have been conducted to
characterize their basic properties. In the course of this thesis we have made an
attempt to compile the nature and characteristics of the PPC emission given its
importance in uncovering a new location of radio emission from pulsars. A detailed

study is reported in chapter 5 detailing the basic results obtained in this context.

1.4 ‘Off-Pulse’ emission: Historical overview

In this chapter we have presented a physical picture of the pulsar magnetosphere and
the conditions leading to radio emission in normal pulsars under certain assumptions.
We have briefly delved into some emission mechanisms that can give rise to coherent
radio emission in section 1.2 and found out two regions in the pulsar magnetosphere
where coherent emission can arise, in the inner magnetosphere and nearer to the
light cylinder respectively. The main pulse emission in pulsars originates in the inner
magnetosphere which highlights the first mechanism explained in section 1.2.1, viz.
curvature radiation due to charge separated solitons, as a likely candidate for its ori-
gin. However, the second emission mechanism discussed in section 1.2.2, the cyclotron
resonance instability, is also a natural outcome of the framework of IVG responsible
for the soliton model leading to main pulse emission. Any emission originating in the
outer magnetosphere is expected to be away from the main pulse and would likely
spread out in longitude due to the larger opening angle of the field lines higher up.
The major motivation of this thesis is to look for observational signatures of radio
emission outside the main pulse as a natural consequence of its origin in the outer
magnetosphere of normal pulsars.

The other possible source of off-pulse emission is the interstellar medium (ISM)
around the pulsar. As described before the pulsar loses most of its rotational energy
in the form of an outflowing relativistic plasma wind which, when confined by the
surroundings, may form a pulsar wind nebula (PWN). Several types of PWNe are
formed depending on the confinement mechanism. Young and energetic pulsars are

often located in their associated supernova remnant (SNR). The pulsar wind stream-
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ing into the ambient medium produces standing shocks resulting in a plerionic PWN
(like the one observed in the Crab nebula). In older pulsars, where the surrounding
SNR is likely to be dissipated, the relativistic particles may interact with the ISM
magnetic field and radiate, creating ghost remnants (proposed by Blandford et al.
(1973), but not observed till date). Finally, a pulsar moving through the ISM with
supersonic speed can produce a bow-shock nebula, where ram pressure balance is es-
tablished between the pulsar wind and the ambient medium. Several such bow shock
nebulae have been detected in Ha, and some in the radio as plerionic bow shocks, but
never in both (see Chatterjee & Cordes (2002) for a detailed study). Several searches
for PWNe have been conducted in the past with varying sensitivities and resolutions.
However, only in about 10 young pulsars have radio emission been detected outside
the main-pulse and all of these are believed to be associated with PWNe. In all such
cases the associated pulsars are young (10310 yr), have high spin-down luminosities
(E > 10% erg s~!) and all except one are associated with SNRs (Gaensler et al. 1998,
2000; Stappers et al. 1999). It is believed that the pulsar wind and the environment
change as pulsars slow down and age, making them less likely to harbour PWNe.

The standard pulsar observations geared for detecting pulsed temporal emission
components would be inadequate for detecting a low level baseline emission as the
baseline value is uncertain. We would require interferometric studies aimed at de-
tecting low-level emission where the baseline noise floor is around zero in the absence
of any emission. However a special technique of ‘Gated Interferometry’ would be
required for our purpose in order to separate the much brighter main pulse which
would otherwise corrupt the faint emission, if any, in the off-phase of the pulsar.

We have conducted a literature survey yielding many reports of searches for ‘off-
pulse’ emission from pulsars (see Table 1.1). Perry & Lyne (1985) reported off-pulse
emission from 4 pulsars (PSRs B1541+-09, B1604-00, B1929+10 and B2016+-28) using
a gated two-element interferometer at 408 MHz. Subsequent studies showed that two
of these pulsars, B1541+09 and B1929+410, were aligned rotators, undermining the
claim of off-pulse origin (Hankins et al. 1993; Rathnasree & Rankin 1995). The off-
pulse emission in the other two pulsars, B1604-00 and B2016+28, were later identified

with unrelated background sources (Strom & Van Someren Greve 1990; Hankins et al.
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Table 1.1 Literature survey for off-pulse studies.

Non detections/
subsequent SNR

Detections
later refuted

Tentative
detection

PWNe detection

1. Schénhardt (1973, 1974)
. Weiler et al. (1974)
. Cohen et al. (1983)

1. Gopal-Krishna (1978)
2. Glushak et al. (1981)
3. Perry & Lyne (1985)¢

1. Gaensler et al. (2000)¢

1. Frail & Kulkarni (1991)
2. Frail et al. (1996)
3. Gaensler et al. (1998)

. Bartel et al. (1985)¢ 4. Giacani et al. (2001)
. Strom & Van Someren
Greve (1990)¢
6. Hankins &
Rickett (1975)¢
7. Frail &

Scharringhausen (1997)

8. Stappers et al. (1999)¢

The gated interferometry studies in Table 1.1 have been indicated with ©.

1993). Bartel et al. (1985) reported a non-detection from PSR B0329+54 using gated
VLBI interferometry at 2.3 GHz. Strom & Van Someren Greve (1990) reported non-
detections in 43 pulsars using the WSRT in gated mode at 327 and 609 MHz. Stappers
et al. (1999) reported non-detection in 4 pulsars using ATCA in gated interferometric
mode at 1.3 and 2.2 GHz. Gaensler et al. (2000) searched for unpulsed emission
from 27 energetic and/or high velocity pulsars using gating interferometry with the
VLA and ATCA at 1.4 GHz and found emission in two cases. However they could
not conclusively determine whether these detections corresponded to PWNe or the
pulsar magnetosphere; they even suggested that the detections could be spurious
and a result of improper online gating. There have been detections of several radio
pulsars with associated plerionic bow shock nebula: B1951+32 (Hester & Kulkarni
1988), B1757-24 (Frail & Kulkarni 1991), B1853+01 (Frail et al. 1996) and B1643—
43 (Giacani et al. 2001). All of these are highly energetic pulsars associated with
SNR (Chatterjee & Cordes 2002). Gaensler et al. (1998) reported the detection of
off-pulse emission from PSR B0906-49, which appears to be a PWN generated by
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a slow moving pulsar in the dense ISM. None of the studies carried out in the past
have succeeded in unambiguous detection of magnetospheric ‘off-pulse’ emission from
pulsars.

The main emphasis of this thesis is to unravel and understand the nature of off-

pulse emission from long period pulsars.
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Chapter 2

Offline-Gating

2.1 Pulsar Observations: A brief overview

The traditional techniques for detecting radio emission from pulsars usually employ
a single dish (e.g. Arecibo, Effelsberg Radio Telescope) or a phased array with mul-
tiple antenna elements operating in phase (e.g. Giant Meterwave Radio Telescope).
As mentioned in chapter 1 pulsars emit bursts of radio emission or narrow pulses
at low radio frequencies which stand out as temporal structures above the baseline
level. This is a very different behaviour from other conventional sources which are
assumed to be inherently time invariant. In order to decipher the temporal nature of
pulsar emission the observations need to be carried out with high time resolutions. In
addition these temporal structures exhibit various degrees of polarization with very
high linear polarization and significant circular polarization in certain cases. In order
to ascertain the polarization characteristics polarized receivers are used and equiva-
lent data for the four Stokes parameters are also recorded. As the pulsed emission
propagates through the Inter Stellar Medium (ISM) on its way to the observer it
undergoes dispersion, i.e different effective path lengths at different frequencies. The

time difference of the signal at two different frequencies 1, and 15 is given as:

11
t1o =~ 4.149 x 10°DM (2 - 2) sec (2.1)
Vi vV
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Here DM (=[n.dl) the dispersion measure of the pulsar, expressed in units of
cm ™~ pe, depends on the ISM electron density and distance to the pulsar; the frequen-
cies are expressed in units of MHz. In order to prevent smearing of the signal while
averaging over a finite bandwidth (to improve signal to noise) techniques of coherent
and incoherent dedispersion are employed. The incoherent dedispersion leads to the
frequency band being broken into smaller channels with time corrections applied to
each channel, while the coherent dedispersion deals with signals being sampled at
time resolutions of inverse of twice the bandwidth and dispersion corrected before
further processing. The conventional techniques described above are ideally suited
for studying the main pulse emission. However, they fall short in addressing the pres-
ence of continuum emission at the baseline level which depend on the background sky

emission and receiver system noise which usually show considerable fluctuations.

2.2 Interferometric Studies

2.2.1 Basics of Imaging

A two element interferometer measures the visibility function, which is the fourier
transform of the Intensity of a relevant part of the sky, with a angular scale inversely

proportional to the separation between the two antennas (Thompson et al. 1986).

dl dm
VI

In the above equation V' (u,v) is the visibility measured with a single baseline (a two

V(u,v) = / . / AL m)I(1, m)e i) (2:2)

element set) and u, v and w are the spatial co-ordinates of the baseline in the in-
terferometer plane known as the uv-plane, measured in units of A\ the wavelength of
observation. A(l,m) and I(l,m) are the antenna response and the Intensity, respec-
tively, at the two dimensional angular position [ and m of the sky, measured in units
of radians, with respect to the field center. When a large number of visibilities, with
information of various angular scales and distances, are available a two dimensional
intensity map can be constructed by inverse fourier transform of eq.(2.2). A multi

element interferometer reproduces an image of the sky by utilizing the principle of
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aperture synthesis. An array of antennas are placed at various distances from each
other, in order to sample different angular scales, and taking into account that as the
earth rotates the baseline moves in the uv-plane registering different measurements of
visibility. Thus a sufficient number of visibilities can be recorded if the observations
are carried out for a long enough duration and an intensity map of the desired part

of the sky can be reproduced.

2.2.2 Requirements for ‘off-pulse’ Studies

The principle of interferometry works under the assumption that the sources in the
sky are statistically time invariant and remains unchanged throughout the observation
time. This makes these techniques inadequate for studying the temporal nature of
pulsed emission from pulsars. However the interferometric technique has the following
advantages:

1. An imaging interferometer is insensitive to constant flux density background along
the spatial axes while a standard pulsar receiver is usually insensitive to the constant
background along the time axis; the detection of off-pulse emission is essentially an
attempt to find such a constant background along the time axis.

2. Self-calibration of interferometric data can correct instrumental and atmospheric
gain fluctuations on very short time scales. The corrections are determined by the
flux densities of the constant and bright background sources in the field and hence
would not be affected by the pulse variation of the relatively weak pulsar.

3. The higher spatial resolution of an interferometer greatly reduces the coincidence of
nearby unrelated sources; thereby reducing the probability that the off-pulse emission
is from an unresolved background source.

Thus the Interferometric technique would be ideal to search for faint emission in the
‘off-phase’ of pulsars provided the ‘on-pulse’ contribution is masked. This requires the
technique of ‘Gated-Interferometry’ as discussed in chapter 1. We have developed the
technique of 'Offline-Gating’ to search for off-pulse emission in normal, long period

pulsars.
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2.3 Gating Technique

The Giant Meterwave Radio Telescope (GMRT) used for our experiments is an
aperture-synthesis radio interferometer located near Pune, India (Swarup et al. 1991).
The telescope consists of 30 dishes of 45 m diameter with a maximum baseline length
of 27 km and operates at 6 frequency bands between 50 and 1450 MHz. In our present
studies we have used the 325 MHz and 610 MHz bands both of which operated with
a bandwidth of 16 MHz. The GMRT in the interferometric mode is capable of high
time resolution data with 128/256 msec modes. During the course of our studies the
GMRT correlator system have been upgraded from a Hardware system (GHB) to a
Software backend (GSB). The data for the initial part of our work were recorded with
the GHB whose 128 msec mode had an average integration time of 131 milliseconds
while the 256 msec mode operated with a time sampling of 261 milliseconds. The GSB
initially operated at 256 msec mode with average integration time of 251 milliseconds,
but was later extended to the 128 msec mode with average integration time of 125
milliseconds. The integration times in all the modes showed a narrow spread around
the average values (see figure 2.9). We recorded data where two circular polarizations
RR and LL were present and the frequency band was spanned by 32-256 channels.
Each time sample of the recorded data consisted of 435 baseline visibilities and 30
auto correlation data, i.e. 465 records for each polarization and frequency channel.
In standard observations the data is further averaged over several seconds (2-16 sec)
before recording in contrast to our high time sampling rates.

Several earlier studies (see for e.g. Strom & Van Someren Greve (1990); Stappers
et al. (1999)) have utilized the technique of online gating to separate the on and off-
pulse regions based on pulsar timing information, and they accumulated time averaged
on and off-pulse data. The advantage of these methods include the relatively shorter
size of files to handle and hence shorter computation time (a major factor at the
times the studies were done). The disadvantage is the impossibility of rectifying any
errors during the gating process (see the results and discussions in Gaensler et al.
(2000)). In order to separate the on and off-pulse regions it is important to identify

their phases. This was initially achieved by folding the auto correlation data with
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the known periodicity of the pulsar studied. The phases once identified were used to
separate the cross correlated data (visibilities) into two separate files containing the
on and off-pulse respectively. The two files were imaged separately by conventional
imaging techniques to search for any off-pulse emission at the location of the on-pulse.

The details of the analysis are discussed below.

2.3.1 Data Format

The radio interferometric data is recorded in a special data format called the Flexible
Image Transport System (FITS). The GMRT data is stored in the form of a primary
Header Data Unit (HDU) which consists of an ascii header followed by binary data.
The header file contains information about the data such as date of observation, the
name and position of source, the classification of records in the binary array, etc. The
data unit consists of a series of binary numbers which can be classified into two parts,
the parameter array and the image array. The parameter array contains information
like time of record, the baseline identifier, the u, v and w value of the baseline, source
identifier etc. The image array records the complex visibility (in the form of Real,
Imaginary and weight) for each basic unit of polarization, channel, baseline, time
(in the same order). In addition to the primary HDU the FITS file also contains
certain ‘extensions’ in the form of FQ file (containing frequency information), CL
file (containing antenna calibration information), AN file (containing parameters of
individual antennas), etc. The FITS file can be manipulated using ¢ codes with the
help of specialized library ‘cfitsio” which is an open source software freely available
at: http://heasarc.gsfc.nasa.gov/. There are several functions in ‘cfitsio’ library for
reading and modifying the FITS files and these were extensively used in the softwares

developed for our analysis.

2.3.2 Folding

In order to find the on and off-pulse regions of the pulsar the conventional approach
is folding the data. Folding is the process of wrapping around, aligning the phases (so

that the on-pulse lines up in the same bins) and averaging the data in time bins to
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find the time location of the on-pulse (which emerges above the baseline noise level)
and the off-pulse regions within the pulsar period. The pulsar period varies with
time and the period on the day of observation was estimated using the open source
software ‘Tempo’ which is freely available at: http://tempo.sourceforge.net//.

In the course of these analysis we resorted to folding the auto-correlation data
to determine the temporal positions of the on and off-pulse regions. However, the
data suffered from certain irregularities like instrumental gain variations with time,
the fluctuations in the frequency band and in certain instances the presence of Ra-
dio Frequency Interference (RFI). We have carried out a detailed analysis to rectify
these inconsistencies using specially developed software which is summed up in the
following steps:

1. Each individual antenna was processed separately with the first step being the
determination of a bandshape. For each time record and polarization the representa-
tive number was determined by determining the median of the channels and scaling
this value to a fixed level. The other channels were scaled accordingly (by the ratio
between the fixed level and the representative value). This time normalization will
wash away all temporal variations including the on-pulse behaviour. In order to de-
termine the variation across channels, the median value across time for each channel
was determined which after normalization gives the bandpass calibration. The time
normalizations were reverted back to recover the temporal variations, including the
pulsed nature. The band shape for each polarization for one such antenna is shown
in figure 2.1.

2. The self data for each polarization after applying bandpass calibration was aver-
aged across the channels and the average data was checked for deviant points using
median absolute deviation (MAD) over many periods. The outliers above the 30 were
clipped before further analysis and the data now was channel averaged outlier free,
but still with the fluctuations across time. The state of the data at these stage is
shown in figure 2.2.

3. In order to correct for the temporal variations in the data the running mean
was determined (see figure 2.2) over time intervals of several times the pulsar period

(so that the pulsed nature is not compromised) and subtracted from the data. The
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Figure 2.1 The figure shows the frequency band shape for the polarization RR (red)
and LL (blue) for a single antenna for 128 channels with the first and last 8 channels
not included in analysis. The steps for determination of the bandshape have been
detailed in the text. Each channel for this antenna was divided by the value in the

band to correct for band variation.
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Figure 2.2 The figure shows the time variation in the data averaged across channels,
after correcting for the band, for a single polarization. The running mean of the data

over a timescale much larger than the periodicity of the pulsar is also shown (in blue).
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Figure 2.3 The figure represents the time series for a single antenna with two po-
larizations RR (red) and LL (blue). The data is averaged across frequencies, after
correcting for band variations and time fluctuations after running mean subtraction.

All outlier points have also been removed. This data is used for folding to determine

the On and Off state of the pulsar.
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Figure 2.4 The figure shows the spread in the auto-correlation data for the all the 30
GMRT antennas recorded during an observing session. Fach antenna have been cor-
rected for the variations in the frequency band and time for each of the polarizations
RR (red) and LL (blue).

data so corrected, shown in figure 2.3, is freed of all outliers and variations due to
systematics and used for further analysis.

4. The above steps are repeated for each antenna to determine a time series data. It
was found that certain antennas showed large variations after all the corrections (see
figure 2.4) and were not used for folding. The selected antennas were folded together
to determine the profile of the pulsar. The number of bins to fold the data was de-
termined from the periodicity of the pulsar and the time resolution of observation.
Examples of a folded profile for the pulsars B0525+21 and B2045-16 are shown in
figure 2.5.
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Figure 2.5 The folded profile of pulsar B0525+21 (top) using 256 msec mode of GHB
and B2045-16 (bottom) using 128 msec mode of GHB at 325 MHz demonstrating
the on and off-pulse regions. The phases of the on-pulse and off-pulse gates are also

shown.
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2.3.3 Gating

The folding process described above yielded the phase (fractional period) of the on-
pulse and off-pulse region for the pulsar to be investigated. It is possible to associate
a phase value to each of the time records. Thus the process of ‘Gating’, where
we intend to separate the on and off-pulse regions from the cross-correlated data
(visibilities), would involve identifying the specific phases for each time and handling
them accordingly. We exploited certain features of the recorded data in FITS format
to execute the ‘Gating’ process. Firstly, the time values associated with the auto
correlation data is same as the values associated with the cross correlated data. This
ensures that the folding process using the auto correlation data, which was used due
to its higher counts compared to the self data, can be seamlessly used to determine
the phases of the cross correlated data. Secondly, the non essential parts of the file
can be effectively removed by replacing the visibilities with zeros, i.e. replacing the
Real, Imaginary and weights with zeros. The ‘Gating’ process was accomplished using
specially designed ¢ codes which worked as follows.

1. The cross correlated data were expected to have instances of RFI and the outlier
visibilities were edited out by calculating the running mean and rms around each time
and clipping them if they were outside the 30 level. The data editing was applied
looking at real, imaginary and amplitude part of the visibilities for each baseline,
polarization and frequency channel separately.

2. The central on and off phases for each dataset were identified from the folded
profiles. The number of points around the central phase to be averaged were also
determined keeping in mind that enough temporal spacing was maintained between
the two regions to avoid overlap.

3. The FITS file was copied into two parts for recording the on and off-pulse data
separately. Depending on the central phase and the number of times to be averaged,
for each period, the data were averaged and the central phase data was replaced
by the average values. This averaging was done in time for each frequency channel
and polarization separately. The rest of the data were edited out by replacing the

visibilities with zeros.
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Figure 2.6 The figure shows the phase calculation for a single observing run for the
On-pulse (green) and Off-pulse (red) data files. The breaks in between is due to the
telescope moving to a phase calibrator (approximately 5 minutes). The concentration
of the phases near the central values, 0.67 for on-pulse and 0.21 for the off-pulse,

demonstrates the success of the ‘Gating’ process.

In the end two different FITS files were generated after the ‘Gating’ process with
the on-pulse and off-pulse data separately. Each file consists of one visibility per
baseline, channel and polarization for the duration of a single period at a temporal
location closest to the central phase. The phase values of the On-pulse and Off-pulse
FITS files is shown in figure 2.6, which reflects the fact that only the central phases

survive in the new files after the ‘Gating’ process.

2.3.4 Imaging

The two files containing the on-pulse and off-pules data for each observing run were
imaged independently using the standard NRAO AIPS package. Each observing run
was interspersed with a ‘Phase-calibrator’ to correct for complex gain variations at
large timescales and the fluctuations across the frequency band for each antenna. The
flux scale for each observing run was estimated by observing standard flux calibrators
like 3C48, 3C147 and 3C286 and using measurements of Baars et al. (1977) with
latest corrections by Perley et al. (2010). The data files were recorded at high
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time integrations making their sizes very large (>100 gigabytes). However, after the
‘Gating’ process there were a large number of redundant points due to editing out
of data (about 90-95% redundancy). In order to facilitate ease of handling of the
data files we used the task ‘UVCOP’ in AIPS to remove the redundant data points
and only keep the central phase which contained the gated visibilities. The sources
were passed through several rounds of ‘Phase’ only self calibration and one round of
‘Amplitude and Phase’ self calibration to correct for systematic variations at finer
timescales. At every stage corrupted data were removed by employing standard and
non standard techniques of RFI removal. After the final images were obtained the
search for off-pulse emission were carried out by looking for emission in the location
of the pulsar, i.e. to look for a point source at the position of the pulsar as seen in
the on-pulse data.

During our studies for this thesis we searched for off-pulse emission in six pulsars
B05254-21, B2045-16, B1237+25, B0834+06, B0320+39 and J2144-3933 at 325 MHz
and 610 MHz and detected off-pulse emission in the first five pulsars at both frequen-
cies. An example of one such detection is shown in figure 2.7. In chapters 3 and 4
we undertake a detailed analysis of these results and their implications. Before we
move on we conclude this section with an independent estimate of the correctness
of the imaging process. The on-pulse and off-pulse images have a large number of
detectable sources (> 50) in their field of view. All the sources should be identical in
both the images apart from the pulsar on/near the center of the field. The two fields
were imaged independently and we determined the ratio of the flux levels for the high
SNR sources in the field which should be identical in an ideal case. In figure 2.8 we
show the ratio of the flux levels of surrounding sources in the on-pulse and off-pulse

images which shows a scatter around unity thereby validating the imaging process.

2.4 Authenticity of the Off-pulse Detections

In the course of our studies we have detected the presence of off-pulse emission from
pulsars which we believe is the first instance of such detections. As already mentioned

earlier ours were not the first attempt made at these studies and our success at these
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Figure 2.7 The figure shows the contour map in the position of the pulsar B2045-16
for the on-pulse (top) and off-pulse (bottom) respectively. The observations were
carried out at 610 MHz and significant Off-pulse flux (>> 50) was detected for this
pulsar. 31
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Figure 2.8 The figure show the ratio of Flux values of the surrounding sources in the
on-pulse and off-pulse images for the pulsars B0525+421 (left) and B2045-16 (right).
The Flux values are identical for both the observations despite the imaging analysis
being independent for the on and off-pulse fields. The scatter in the flux ratios
increases towards the lower flux range which is expected due to noise contributions

becoming prominent.
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detections were a result of the following conditions at our favour.
1. Our studies were carried out at the low frequency bands of 325 MHz and 610
MHz. The pulsar radio emission being step spectrum with typical spectral indices
of ~ -1.8 (Maron et al. 2000), is supposed to be brighter at these frequencies and
thereby easier to detect.
2. The GMRT used for our studies is one of the most sensitive interferometers oper-
ating at meter wavelengths. In addition the greater flexibility of the imaging process
to correct for the systematic variations made it possible to detect low level emissions.
3. The technique of ‘Offline-Gating’ developed for these detections made secure sep-
aration of the on and off-pulse regions with sufficient flexibility to check for inconsis-
tencies in the separation process and easily rectify them.
4. The higher spatial resolution of an interferometer greatly reduces the coincidence
of unrelated sources, thereby reducing the probability that the off-pulse emission is
from an unrelated nearby source within the field of view.

In this section we look at certain scenarios, given the uniqueness of our detections,
where the off-pulse emission can be a spurious effect in the signal and receiver chain

of the telescope or an unrelated background source and rule them out one by one.

2.4.1 Positional Coincidence of Background source

To determine the probability of finding an unrelated source coinciding with the pulsar
we used the VLA FIRST catalogue (Becker et al. 1985) to determine the following

relationship between source counts (N) and flux-density (S):
logN = 2.2 — 0.826 x logS + 10g(6S) + l0g(Aspy)- (2.3)

where S is the flux at 1.4 GHz in mJy, 4.5 is the flux bin width at 1.4 GHz in mJy
and Ag, is the area of sky under consideration in degree?®.

The area of the synthesized beam is ~100 arcsec? at 325 MHz and ~25 arcsec?
at 610 MHz. The flux density for consideration in equation 2.3 is between 3ximage
rms and 5-10% (Off-pulse flux level) of the pulsar flux, translated to 1.4 GHz using

spectral index v = 0.75). This yielded a probability of coincident unrelated sources
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of ~ 1.5 x 1073. The probability of detecting coincident sources for five pulsars is the

fiftth power of the above number and therefore highly improbable.

2.4.2 Error in Recorded Time

This scenario required that a certain percentage of the on-pulse data fell within the
off-pulse gate. Any monotonic drift in time, without recovery, would have smeared out
the pulse obtained by folding the auto correlation data. However our folding exercise
have detected the pulsed signal (see figure 2.5) with a high degree of significance.
In an alternate scenario the time can maintain an accurate long term average but
with large excursions in the values of the individual time stamps, i.e. excursions of
about half the pulsar period. This is a contrived scenario and the a histogram of
the time difference between adjacent data would show a large scatter in this case.
The histograms plotted in figure 2.9 show a tight scatter around the expected mean

values.

2.4.3 Leakage in Signal Chain: Noise Correlation

This scenario requires temporal correlation between data separated by at least half
the pulsar period. The basic sampling interval of the GMRT correlator is 30.72
nanoseconds. A cross correlated band is output every 16 microseconds by fourier
transforming 512 such samples. The data output every 16 microseconds should be
independent from all other such data in the time series. Around 8000/16000 inde-
pendent samples are averaged to obtain the data output rates of the 128/256 msec
modes. Given the independence at the 16 microseconds level it is difficult to envis-
age correlation between two consecutive time samples let alone across half the pulsar
period. The standard interferometric mode of the GMRT would not be affected as
a result of this leakage as they are mostly worried about time average signals and
their integration time is rarely less than 2 seconds. The leakage, if present, would
redistribute the flux density along the time axis without causing any change in the
measured flux density. We tested this possibility by estimating the temporal correla-

tion in the 128 msec mode of the GHB time series data. Assuming that the off-pulse
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Figure 2.9 The time difference between adjacent time stamps were determined for
two different observations with 128 msec mode of GHB (top) and 256 msec mode of
GHB (bottom) and histogram of the time integrations were generated as shown. The

histograms show very little spread indicating the absence of any time leakages.
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was entirely due to leakage of the signal from the on-pulse time bins to the off-pulse
bins we estimated the required leakage for a spurious detection of the observed off-
pulse. In this experiment we investigated the consequence of such a correlation on the
noise data. In the next level we will further these studies by introducing a narrow,
clean pulse into the GMRT receiver system to directly measure such a leakage.

As a first step, we ran simulations to estimate the auto-correlation function for
noise in the presence of leakage sufficient to generate the observed off-pulse, i.e. we
generated a noise data series and smeared each data point into subsequent data points
according to a particular time profiles like constant leakage or linearly decreasing
leakage in subsequent time bins. We then recorded 6x10 minute scans of noise data
(128 msec mode of GHB) but with Front-End termination which sealed the telescope
at the antenna feeds ensuring that no temporally continuous external source (cosmic
sources and RFI), which would be correlated across the entire observing session, was
present in the noise data.

The auto-correlation for each baseline-channel (435x120) data was separately cal-
culated for each scan. The median autocorrelation profile and the scatter are shown
in Figure 2.10 (left panel). The worst data are at the 0.1 per cent level but the me-
dian is only about 0.04 per cent. The profile does not fall to zero at large time lags,
indicating non stationarity of the noise signal. We obtained a similar behaviour by
introducing a time varying mean level into the noise in our simulations. This time
variation in the mean level may reflect the system gain variations as well, which would
have been corrected to a certain extent by self calibration process during imaging.
Therefore the profile is a firm upper limit to the contribution of temporal leaking of
signals to an off-pulse detection.

Interferometric imaging is an excellent filter of bad data and a compact point
source like the detected off-pulse would require most of the baselines to show high
temporal auto correlation. A few bad baselines with high auto correlation would only
result in noisy ripples across the image and not a localized point source in or near
the field center. Therefore the median line is a more accurate measure of the leakage
for our study than the extreme points in the scatter. We note that non-stationarity

and gain fluctuation only occur at the 0.05 per cent level in the GMRT and would
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Figure 2.10 The figure shows the auto-correlation profile for frontend terminated
GMRT noise data (top). The scatter plot is for each baseline, channel over the
observing time while the black line is the median profile from the scatter. The non-
zero value even at large lags is indicative of non-stationary noise signal and system
gain variation. An expanded view is also shown (bottom) which also includes the
required levels of noise correlation for various time profiles and off-pulse levels which

is consistently above measured correlation level.
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not have a discernible effect for most imaging exercises.

The Figure 2.10 (right panel) also show a magnified representation of the relevant
part of the noise auto correlation plot. Al, A2 (for one particular off-pulse level,
pulsar B0525+21 at 325 MHz) and Bl (The weakest detection so far) indicate the
required noise auto correlation if the detected off-pulse were due to the leaking of the
signal from the on-pulse bin. The simulation recipe keeping in mind pulsar B0525+21
with 14 bins across the period is as follows:

1. The pulsar period includes 14 time bins with the on and off-pulse fluxes measured
over 5 time bins being 80.2 and 3.9 mJy, respectively. Higher time resolution obser-
vations (Gould & Lyne 1998) show that the main-pulse is narrower than the extent
of the bins.

2. A leakage of 0.9 per cent of the pulse flux from the first bin into each of the next
13 bins will explain the observed off-pulse. This corresponds to an auto correlation
level of 0.0087. The auto-correlation profile calculated for GMRT noise (the lowest
curve ‘N’ in figure 2.10, right panel), is smaller than the required amount by a factor
of at least 20.

3. A temporally reducing leakage is more likely. A linearly reducing leakage (curve
A2) requires a similar average auto-correlation in the off-pulse region and a higher
correlation at short lags.

4. We conclude that temporal leaking of the signal is incapable of explaining the
detected level of off-pulse emission.

All the off-pulse emission detected in our studies are sufficiently above the levels of
auto correlation expected from the above exercise. In addition it is worth reiterating
that the correlation level determined is a generous upper limit as there is possibility of
systematics and correlated gain variations which will affect these values rather than

an actual leakage across bins.

2.4.4 Leakage in Signal Chain: Pulsed Noise Source

The above experiment did not account for temporal leakages due to a strong pulsed
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Figure 2.11 The pulsed noise source as observed with the interferometer (top), with 565
folded periods of 4 sec and a time resolution of 251 msec. The change in signal to noise
ratio of the pulsed signal with increasing number of folded periods (N) from 10 periods to
565 periods (bottom). The dark solid lines represent a linear increase of SNR with v/ N
indicating the baseline to be noise like. The dot dashed horizontal line is the level at which

the SNR was expected to saturate if temporal leakage was the source of off-pulse emission.
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signal as seen in pulsars. In order to investigate this effect a series of narrow single
pulses with no off-pulse emission was required to be introduced in the receiver system.
A broad-band pulsed noise source with a period of 4 seconds and a duty cycle of 32
millisecond was developed for this purpose. The power of the on-pulse signal was -5
dbm and the signal was down by 30 db in the off-state, which was significantly below
the detected off-pulse emission. The noise source was radiated from an antenna in
the central square of the GMRT. Interferometric data was recorded using the 256
msec mode of the GSB for about half an hour with the noise source switched on.
Since the noise source was in the near field, the geometrical delay calculations were
vastly complicated (it is a function of the distance of the individual antennas from the
pulsed noise source). We did not correct for any geometrical delay in the correlator
chain. This implied that only for a handful of cases (10 baselines) the antennas were
close enough for the coherence condition to hold and these baselines were used for
the subsequent analysis as discussed below.

If there was no leakage of the pulsed signal in time, the folded profile with increasing
number of periods averaged together, for any baseline, would show a decrease in the
off-pulse noise and an increase in the signal to noise ratio (SNR) by a factor VN,
where N is the number of folded periods. The interferometer measures the correlation

between the voltages recorded by the individual elements (Thompson et al. 1986).

r(r) = 21T/_,1;Vl(t) x Va(t — ) dt (2.4)

where the quantity r(7) is related to the intensity of the incident signal and 2T is the
temporal resolution (251 msec).

We assume that the system introduces a constant fractional leakage e into the
adjacent time bin (this is the most likely situation, besides any other situation will
lead to a lower SNR). The correlation in the adjacent bin in such a scenario is given
as:

1 (T
()= | Vi(t)x Va(t—1)dt, e<1 (2.5)
2T J-1

The statistics of the bins adjacent to the pulsed source is characterized by a mean(u)
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and rms (o) given as:
1— &N

N (1—¢?)

en 11—e2N
o~ 1= VN T o x r(T) (2.7)

Here the first bin is the n'* bin from the pulsed source with N bins used for statistics:

p=e" X r(T) (2.6)

r(7) is the correlation in the pulsed source bin. The statistics of the adjacent bins
will be governed by a combination of gaussian statistics due to random noise and the
constant leakage into adjacent bins. However for sufficient long averaging the effect of
random noise will be overshadowed by the leakage term and the SNR for the pulsed
source would saturate at a constant level.

The interferometric data from the pulsed noise source were folded with a periodicity
of 4 seconds to determine the profile (see fig 2.11). A large number of profiles of the
noise source were generated by folding an increasing number of periods. The SNR
for each of these profiles were calculated, by dividing the total signal in the noise bin
with the rms fluctuation in the adjacent bins. In figure 2.11 we plot the SNR as a
function of the square root of the number of periods (points) along with the best fit
(dark solid line).

We have detected off-pulse emission in pulsars at a level of 0.5 — 1 % of the on-
pulse flux. The off-pulse region in our studies are 5 bins (n=>5) from the on-pulse and
we can calculate the leakage (€) required using equation 2.6 and 2.7 to explain the
detected off-pulse. This would lead to a SNR ~ 500, as represented by the dot dashed
horizontal line in figure 2.11. However the bins adjacent to the noise source continue
to follow gaussian statistics at SNR ~ 8000 as seen in figure 2.11. This implies that
the temporal leakage can only lead to a off-pulse emission which is less than 0.03% of
the on-pulse flux. Hence the detected off-pulse emission cannot originate as a result
of temporal leakage of the on-pulse signal into adjacent time bins.

The unprecedented detection of off-pulse emission makes it imperative to exhaust
all possibilities of spurious detection. We have detected of off-pulse emission in mul-
tiple epochs and frequencies using different correlator systems and also ruled out

spurious detection that can result due to temporal leakage. We have established
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that the off-pulse emission is genuine and not a result of systematic anomaly. We
now look ahead to determining the nature of off-pulse emission and report a detailed

descriptions of our results and their implications.
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Chapter 3

Off-pulse Emission

3.1 Sample Selection

The time resolution of the interferometric data puts a natural lower limit to the
periodicity of the pulsar that can be used for our studies. The main pulse signal
is usually spread between three time bins and ensuring one bin on either side for
secure separation of the on and off-pulse regions there is the least requirement of six
bins in the pulsar period for the ‘Gating’ process. The minimum resolution of the
interferometer is around 128 milliseconds which implies that we can study pulsars
in excess of 0.8 seconds. In order to ensure proper signal to noise for the off-pulse
detection we restricted our studies to periods > 1.25 seconds, ensuring at least 3
bins per period in the off-pulse data. To ensure proper upper limits for off-pulse
detections we restricted our studies to nearby pulsars with relatively high flux values
(> 15 mJy) at low frequencies (400 MHz). This restricted the number of pulsars that
could be used for our studies. We selected six well known pulsars B0525+4-21, B2045—
16, B0834+06, B1237+25, B0834+06, B0320+39 and J2144-3933 for our studies,
the basic properties of which are listed in table 3.1. The pulsars were selected to
cover a varied period range from 1.27 seconds to 8.5 seconds. In addition the pulsars
did not conform to any special geometries, like aligned rotators with wide profiles or
orthogonal rotators with interpulse, and did not exhibit any other pulsed emission

component away from the main pulse like precursors.
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Table 3.1 Properties of Pulsars selected for our studies.

Pulsar Period DM Distance Te E Virans | Fluxaoo

seconds | cm ™3 pc kpc year erg s km s—! mJy
B05254+21 | 3.746 | 50.937 2.28 1.48x106 | 3.0x10%! | 229 57
B2045-16 1.962 | 11.456 0.95 2.84x108 | 5.7x10% | 510 116
B1237+25 | 1.382 9.242 0.84 2.28%107 | 1.4x103" | 460 110
B0834+06 | 1.274 | 12.889 0.72 2.97x106 | 1.3x10%2 | 174 89
B0320+39 | 3.032 | 26.01 1.49 7.56x107 | 9.0x10% | 240 34
J2144-3933 | 8.510 3.35 0.16 2.72x108 | 3.2x10%® | 126 16

The data presented in this table was obtained from the ATNF database which is freely available at:
www.atnf.csiro.au/people/pulsar/psrcat/ and Manchester et al. (2005)

3.2 Observations & Results

In this section we report the observations carried out to detect off-pulse emission
from long period pulsars. We have observed the six pulsars at 325 MHz and 610 MHz
frequency bands of GMRT. The observations were carried out between January 2010
and August, 2011 (see table 3.2) using specialized interferometric high time resolution
modes (128/256 msec modes) supported by the GMRT correlator system. During the
early months of 2011 the GMRT correlator system was upgraded from the previously
existing Hardware backend (GHB) to a Software backend (GSB) which is currently
the default system. The GHB was operated at both the 128 and 256 msec modes with
bandwidth of 16 MHz split into 128 channels. The GSB initially could only operate
at 256 msec mode over a 16 MHz bandwidth spread across 32 channels. The GSB
was ultimately extended to operate at 128 msec mode with 16 MHz bandwidth split
into 256 channels. All these modes were used during the span of our observations.
The table 3.2 documents the details of observations for our off-pulse studies in-
cluding date of observation (column 1); frequency band and channels (column 3); the
telescope observing time on each source excluding calibration times (column 4); the
time resolution of the interferometer (column 5); the correlator system used (column

6); the angular resolution (column 7); the on-pulse flux averaged over the pulsar pe-
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[able 3.2 Observational details

Date Pulsar | freq(chan) | Time | time res | Corr res On flux(rms) | Off flux(rms) | Off/On
MHz mins msec ! mJy mJy

18 Jan, 2010 | B0525+21 325(128) 160 261 GHB | 9.5x6.5 30.0£2.1(0.55) 3.940.5(0.45) | 0.130+0.026
08 Jul, 2011 B0525+21 325( 32) 240 251 GSB | 8.3x6.7 44.542.4(0.65) 6.6+£0.5(0.4) 0.148+0.019
09 Jul, 2011 | B0525+21 325( 32) 120 251 GSB | 10.0x7.4 48.242.6(0.7) 6.5+0.6(0.5) 0.135£0.020
15 Feb, 2011 | B0525+421 610( 32) 330 251 GSB | 4.8%x4.0 21.1+1.5(0.45) 3.6+0.3(0.13) 0.171£0.026
22 Jul, 2011 B0525+21 610( 32) 240 251 GSB | 5.4x3.7 20.0+1.2(0.65) 2.84£0.2(0.13) | 0.140+0.018
16 Jan, 2010 B2045-16 325(128) 180 131 GHB | 11.9x7.2 | 110.5+7.9(2.1) 4.3+1.1(0.65) 0.039+0.013
03 Aug, 2011 | B2045-16 325(256) 200 125 GSB | 10.2x7.7 | 57.5£3.2(0.35) 6.8+£0.4(0.2) 0.11840.014
14 Feb, 2011 B2045-16 610(128) 180 131 GHB | 5.8x4.3 23.941.7(1.0) 1.140.2(0.13) | 0.04640.012
25 Aug, 2011 | B2045-16 610(256) 140 125 GSB | 4.9x4.3 43.243.1(0.45) 4.64+0.3(0.11) | 0.106+0.015
27 Apr, 2010 | B1237+425 325(128) 270 131 GHB | 8.8x8.0 | 233.3£12.8(6.2) | 3.44+0.6(0.53) | 0.015%0.003
13 Aug, 2011 | B1237+425 610(256) 325 125 GSB | 5.9%5.3 70.0+£4.2(1.23) 7.6+£0.5(0.12) | 0.10940.009
26 Apr, 2010 | B0834+4-06 325(128) 310 131 GHB | 11.5x6.2 | 168.349.1(6.2) 3.240.6(0.55) | 0.019+0.004
27 Aug, 2011 | B0834+-06 610(256) 315 125 GSB | 6.3x4.9 27.0£1.9(0.34) 3.440.3(0.13) | 0.125+0.014
25 Aug, 2011 | B0320+39 325(32) 315 251 GSB | 10.5%6.2 | 39.4£2.1(0.39) 4.740.3(0.18) | 0.120+0.010
12 Aug, 2011 | B0320+4-39 610(32) 360 251 GSB | 5.3x4.3 9.9+0.6(0.12) 1.1+0.1(0.06) | 0.107£0.011
15 Aug, 2011 | J2144-3933 325(32) 335 251 GSB | 11.2x7.5 4.140.3(0.52) ND -

25 Jul, 2011 | J2144-3933 610(32) 270 251 GSB | 6.4x3.6 2.6+0.2(0.40) ND -




riod along with the noise rms in the map (column 8); the detected off-pulse flux with
the noise rms in map (column 9); the off-pulse to on-pulse flux ratio (column 10).
The folded profile for each pulsar and the on and off-pulse gates are shown in
figure 3.1. We briefly describe the basic results for each pulsar below:
B0525+21 was the first pulsar where off-pulse emission was detected, as shown in
figure 3.2, and have been observed multiple times at both 325 MHz (thrice) and 610
MHz (twice). The off-pulse emission have been detected at about 15% level of the
integrated flux which is less than 1% with respect to peak flux. The off-pulse emission
was detected with sufficient significance in all the images (> 5o, see table 3.2). The
field contained the extremely strong and extended crab nebula ~ 1.5° away. In order
to reduce the effect of ripples due to uncorrected phase errors of the extended source
at the position of the pulsar a uv cutoff of 1.5 kA was used to image the 325 MHz
data (the crab nebula was towards the edge of the primary beam at this frequency).

B2045—-16 was also one of the initial pulsars in our sample where off-pulse emission
was detected as shown in figure 3.3 and like the previous case have been observed
multiple times at 325 MHz and 610 MHz (twice at each frequency). The off-pulse
flux for this pulsar showed large variations over the observing sessions and we would
carry out a detailed investigation in a later section. In one of the observations on
16" January, 2010 the pulsar was inadvertently observed ~ 35" away from the phase
center (roughly 60% of antenna efficiency), however off-pulse emission was detected
during this observation as well.

B1237+25 was one of the shorter period pulsars observed in our sample. The off-
pulse emission was detected at both the observing frequencies as shown in figure 3.4.
The off-pulse had different detection strengths at the two frequencies with detection
levels of ~ 1.5% at 325 MHz (60 detection) and ~ 10% at 610 MHz with respect to
the period averaged on-pulse flux.

B0834+4-06 was the shortest period pulsar observed in our sample. The off-pulse
emission was detected at both the observing frequencies as shown in figure 3.5. The
off-pulse had different detection strengths at the two frequencies with detection levels
of ~ 2% at 325 MHz (5.80 detection) and ~ 10% at 610 MHz with respect to the

period averaged on-pulse flux. The off-pulse detection was especially challenging
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Figure 3.1 The figure shows the folded profile for the six pulsars B0525+21 (top left),
B2045-16 (top right), B1237+25 (middle left), B0834+06 (middle right), B0320+-39
(bottom left) and J2144-3933 (bottom right). The profiles were obtained folding the
auto correlation data and the number of bins in each profile is determined by the
periodicity of the pulsars and the time resolution of the interferometer. The figure
also shows the phases of the On-pulse and Off-pulse gates in each pulsar used for our

studies.
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Figure 3.2 The figure show the contour maps for the on pulse (left panel) and off pulse

(right panel) detections for the pulsar B0525+421. The top panel show the detections
at 325 MHz for the observations on 8 July, 2011. The bottom panel show the
detections at 610 MHz for the observations on 15" February, 2011.
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Figure 3.4 The figure show the contour maps for the on pulse (left panel) and off pulse

(right panel) detections for the pulsar B1237+4-25. The top panel show the detections
at 325 MHz for the observations on 27" April, 2010. The bottom panel show the
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particularly at 325 MHz due to the presence of a strong source of ~ 1 Jy and located
around 5’ to the south of the pulsar. We resorted to the technique of ‘PEELING’ to
remove the strong source and reach sufficiently deep noise levels to detect the off-pulse
emission at 325 MHz.

B0320+-39 was a relatively long period pulsar and the off-pulse emission was once
again observed at both observing frequencies as seen in figure 3.6. The detected off-
pulse was about 10% level of the period averaged on-pulse flux at both 325 MHz and
610 MHz. The on-pulse flux was relatively weak at 610 MHz but this did not affect
the detection of the off-pulse emission with sufficient significance (> 150).

J2144-3933 was the longest period pulsar in our sample and was the only case
where we did not detect any off-pulse emission as shown in figure 3.7. The pulsar was
also the weakest one in our sample but we reached sufficiently deep noise levels in the
images to have identified the off-pulse emission at the level of the other detections.
We conclude that the off-pulse emission in this pulsar is either much weaker than

those detected in other pulsars or completely absent.

3.3 Physical Characteristics of off-pulse emission

In chapter 2 we have discussed conditions where the detected off-pulse emission arise
due to anomaly in the telescope system and demonstrated their unfeasibility in the
context of our detections. We have also seen that the off-pulse emission just like the
main pulse emission from pulsars is an unresolved point source in the map. This im-
plies that at a distance of 1 kpc (the typical distance of the sources, see table 3.1) and
our telescope resolutions of 5/10”, any astronomical source smaller than 0.02/0.04 pc
will be unresolved. This leaves two possibilities, either the off-pulse emission is due
to a Pulsar Wind Nebulae (PWNe) or it originates within the pulsar magnetosphere
due to a specialized emission mechanism.

The radio emission in PWNe is due to relativistic charged particles producing syn-
chrotron emission in the ambient ISM magnetic field. The typical size of PWNe
is between 0.1-1 parsec due to expansion of the pulsar wind in the surrounding

ISM (Gaensler & Slane 2006). If the off-pulse emission can be constrained to several
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Figure 3.5 The figure show the contour maps for the on pulse (left panel) and off pulse

(right panel) detections for the pulsar B08344-06. The top panel show the detections
at 325 MHz for the observations on 26" April, 2010. The bottom panel show the
detections at 610 MHz for the observations on 27* August, 2011.
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Figure 3.6 The figure show the contour maps for the on pulse (left panel) and off pulse
(right panel) detections for the pulsar B03204-39. The top panel show the detections
at 325 MHz for the observations on 25" August, 2011. The bottom panel show the
detections at 610 MHz for the observations on 12! August, 2011.

53



PSR J2144-3933 freq = 325 MHz On pulse PSR J2144-3933 freq = 325 MHz Off pulse
I I I I I L I I I I I I I I I
] I

-3933 00~ s = -3933 00— - -
15+ C 15 _

30— = (S

7
/
I

301 B
451 B 45 i

3400 3400

DECLINATION (32000)
‘ —_—
DECLINATION (J2000)
T
D
|

15— B -

30— \ —

45— o

2
%5001 O ! 3 7 3500 Q -

Y N
[ E——— \ﬁ\ | | | [ @ o

15 N
214420 18 16 14 12 10 08 06 15 | | S p | | | [
RIGHT ASCENSION (32000) 214420 18 16 14 12 10 08 06
RIGHT ASCENSION (J2000)
Cont levels = 0.75 mJy (-5, -3, 3, 4.25, 6, 8.5, 12, 17, 24)
Cont levels =0.23mJy (-5, -3, 3, 5)
PSR J2144-3933 freq = 610 MHz On pulse PSR J2144-3933 freq = 610 MHz Off pulse
T T T T T T I T N I I N I
-39 32 49— - -39 32 45— N - i -
( i N
\\\ ] s
33 00— N — 33 00— | ]
oo
15— ™ - 151 S 0 .
s N 5 . ‘
=3 (=} N
I 30— N ) — § 30 o o R \)\\v _
S s : 2 ) N0 g
e i ] R ‘ “ Y
< =
- \ _ < N
z 3400 o Z 3400~ R 0 7
o o ¢
w K 1)
o 151~ N b i 15 o 0 v _
- 0 .
30— - N .
. 30— ' . 0, S L
45— N - o o
© 45— ¢ Y O B
3500 N - ' 1
J@ G 3500 o N ° 4
i
| | | | | | | @ 1y 3 9 N T
214418 16 14 12 10 08 06 | L L | | |
RIGHT ASCENSION (J2000) 214418 16

14 12 10 08
RIGHT ASCENSION (J2000)

Cont levels =0.53 mJy (-5, -3, 3.5, 7, 15, 30, 60, 90)
Cont levels =0.09 mJy (-5, -3, 3, 5)

Figure 3.7 The figure show the contour maps for the on pulse (left panel) and off pulse
(right panel) maps for the pulsar J2144-3933. The top panel show the observations at
325 MHz carried out on 15 August, 2011. The bottom panel show the corresponding
observations at 610 MHz on the 25 of July, 2011. As is evident from the off-pulse
images there is no discernible emission making this pulsar the only one in our sample

without detected off-pulse emission.
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orders of magnitude lower than the typical PWN sizes, a PWN origin can be dis-
counted. Further a wide range of studies (Weiler & Sramek 1988) suggest that PWNe
observed in the radio frequencies between 100 MHz to 10 GHz, are usually charac-
terized by a flat radio spectral index « in the range 0 > a > -0.5 (where S ~ v®).
The spectrum presumably reflects the energy distribution of the injected particles
from the pulsar. In some older PWNe the spectrum might steepen somewhat, like in
PWNe DA495 (Kothes et al. 2008) where the spectrum steepen to a = —0.87 above
1.3 GHz as a result of synchrotron aging. In contrast to PWNe the pulsed emission is
the coherent radio emission arising due to relativistically streaming charged particles
in strong magnetic field with the observed average v ~ —1.8 (Maron et al. 2000).
Although in some examples the spectra might show breaks and turnovers (like GPS
pulsars with turn over in spectra at GHz frequency range, see Kijak et al. (2011), also
see spectra of B2045-16, figure 3.14), mostly they are consistent with a steep power
law spectra and a very low frequency turnover (around 100 MHz and below). Based
on our current understanding, any emission originating close to the pulsar magneto-
sphere and with spectral index which is not an inverted power law with relatively flat

spectral index (a > -0.5) is unlikely to be due to PWNe.

3.3.1 Particle densities in PWNe

The confinement of the relativistic wind from pulsars generates PWNe which are
luminous across the electromagnetic spectrum in synchrotron, inverse compton, and
optical line emission from the shocked regions. All known PWNe seen around radio
pulsars have spin-down luminosities £ > 10%* erg s=*. They all appear to be young
and, with the exception of PSR B0906-49 (Gaensler et al. 1998), are associated with
Supernova Remnant (SNR). Two classes of PWNe can be formed in the absence of
associated SNR: one, where the pulsar wind is confined by the density of the ISM,
known as static PWN; and the other, where the wind is confined by the ram pressure
of motion of the pulsar through the ISM, called bow-shock nebula. The pulsars in
our sample are not associated with SNRs.

The efficiency factor eg is defined as the ratio of the radio bolometric luminosity
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(Lg) of a PWN to the spin-down energy (E) of the pulsar Lz = egk. If we assume
a typical PWNe spectral index of a ~ —0.3 its radio luminosity between 10 MHz and
10 GHz is given by Lr = 3.06 x 10°® d},.Smy erg s~', where dyy. is the distance to
the PWN in kpc and S,,, is the integrated flux of PWN at 325 MHz in mJy. Using
the measured flux density (table 3.2), source distance and the spin down energies
(table 3.1) we calculate efficiency factors for the off-pulse emission in our sample to
be: 2x1072 for B0525+21, 2x 1073 for B2045-16, 5x 1073 for B1237+25, 4x10~* for
B0834+4-06 and 0.35 for B0320+39. These er values are much higher than those of
previously known PWNe (typical e < 107%; see Frail & Scharringhausen (1997);

Gaensler et al. (2000) for a discussion).

Static PWN The relativistic particles and Poynting flux emanating from the pul-
sar, at rest relative to the ISM, will drive through the ambient medium a shock of
radius R given by (Arons 1983)

. 1/5
R, = ( b ) £3/5 (3.1)
AT p,

The velocity of the shock front is given by

. 1/5 . 1/5
. E E
R=2 () = 33 ( & ) km s (3.2)

5 \4mpot? tgno.on

Here p, = mygn, where my is the proton mass and n is the particle density of the

ISM. Using eq.(3.1) the required particle density for a PWN is

Byt
n=5.35 x 10" (R?’; 6) cm™? (3.3)

where Es; is the spindown power in units of 103" erg s™!, ¢4 is the age in units of
108 yr, Ry is the radius of PWN in units of 0.01 pc and ngg; is the ISM density

in units of 0.01 cm™3.

In the present exercise the size upper limit of PWNe in our
targets is specified by the synthesized beam (telescope resolution ~ 0.02 pc) since the
off-pulse emission is unresolved in all the pulsars. Using eq.(3.3) and values in tables
3.1 we determined the ISM density required to drive a PWN as: ~ 3 x 10? cm ™ for

B0525+21, ~ 10'2 cm™3 for B2045-16, ~ 2 x 10 cm™3 for B1237+25, ~ 9 x 10!

o6



cm 3 for B0834+406 and ~ 3 x 102 cm™3 for B0320+39. The particle densities are
much higher than typical ISM densities of ~ 0.03 cm ™3, suggesting that these pulsars
are too weak and old to power a static PWN through the ISM. Since our estimate
of the sizes of the nebulae are upper limits the particle density estimates are lower
limits.

Bow Shock PWN This requires the shock velocity (RS) to be much smaller than
the pulsar transverse velocity (Vpsgr). The typical ISM density of 0.03 cm™ in equa-
tion (3.2) yields R, values for the pulsars to be: ~ 2.8 km s~ for B0525+21, ~ 2.5
km s~! for B2045-16, ~ 0.8 km s~! for B1237+25, ~ 2.9 km s~! for B0834+06 and
~ 0.3 km s7! for B0320+39. The Rs values are indeed much smaller than the Vpggr
listed in table 3.1. The radius of the shock is given by (Frail & Scharringhausen 1997)

Rps = <EQ>U2 (3.4)

From equation 3.4 the particle density required to sustain a bow shock PWN is

_ E?,l _
=167x 1074 | ——— 3 3.5
! . <R3.01v1%0>cm (3:5)

where Fj3; is the spin-down power in units of 10?" erg s™*, Ry, is the radius of PWN
in units of 0.01 pc and Vjgg is the velocity of the pulsar through the ISM in units
of 100 km s=!. The required ISM densities for the pulsars are: ~ 5x107% cm™3 for
B0525+21, ~ 8x107% cm™2 for B2045-16, ~ 107% cm™3 for B1237+25, ~ 9x10~°
cm 2 for B08344-06 and ~ 7x1078 cm ™3 for B0320+39. These values are 2-4 orders
of magnitude lower than the typical ISM density. This implies that the pulsars are
too weak to drive a bow shock nebula of the size corresponding to the telescope
resolution. However, a bow shock interpretation can be salvaged if the nebulae are
1-2 orders of magnitude smaller.

We conclude from the above studies that identifying the detected off-pulse emission
with PWNe results in unrealistic values of the ISM particle density. This is not
surprising since the selected sample consists of middle aged and old pulsars which are

not known to be associated with PWNe.
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3.3.2 Pulsar Flux Variation

We are interested in determining the spectral index of off-pulse emission based on
our observations at 325 and 610 MHz. Spectral index determination requires robust
flux estimates which is often difficult for pulsars. The measured pulsar flux is time
variant due to both intrinsic and extraneous effects. The intrinsic variations occur in
timescales of microseconds to several minutes manifesting as microstructures in single
pulses, drifting subpulses, nulling, mode changing, etc. However the profile of a pulsar
obtained averaging 2500-3000 pulses is relatively stable (Rathnasree & Rankin 1995).
The pulsar flux is also affected by the inhomogeneities in the ISM leading to diffractive
interstellar scintillations (DISS) and refractive interstellar scintillations (RISS). The
DISS manifests as temporal flux variations with diffraction timescales (7;) ranging
from seconds to minutes and also as decorrelation of flux with frequency known as
decorrelation bandwidth (Avg). The RISS shows variations at timescales (7.) of days
to years with a flux modulation index (m,.). These quantities scale with dispersion
measure and frequency of observation typically as Ty o< v'2, Ay oc v44, T, oc =22
and m, oc v°?® (Stinebring & Condon 1990). In order to determine the spectral index
of the off-pulse emission it is imperative we understand its short and long term flux

variations at each frequency.

PSR B0525+21 has a dispersion measure of 50.9 pc cm™3 and its flux has been
monitored at different frequencies for several years as reported in Lorimer et al. (1995)
and Stinebring et al. (2000) (see fig 3.14 for the flux at low frequencies). The long
term averaging results in reduced contribution of RISS and DISS to the pulsar flux.
Stinebring et al. (2000) quotes the scintillation parameters at our observing frequency
610 MHz as T; ~ 70 seconds, Avy; ~ 230 KHz, m, ~ 0.32, T, ~ 4 days. Using the
scaling relations the equivalent quantities at 325 MHz are Ty ~ 33 seconds, Avy ~
15 KHz, m, ~ 0.22, T,. ~ 16 days.

Each of the GMRT observations for B05254-21 extends for about 6 to 8 hours and
16 MHz bandwidth at both 325 and 610 MHz. Any flux variations due to DISS will

be greatly reduced over these scales. Due to RISS one expects 5% and 10% variation
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On pulse Flux variation at long timescales, B0525+21
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Figure 3.8 The figure show variations in the on-pulse flux and the off-pulse to on-pulse
flux ratio at large timescales for PSR B0525+21 across multiple observing sessions.
Each point in the plots is obtained averaging a single observing run lasting a few
hours with the observations being separated by several days to months. The pulsar

show a constancy in the Off-pulse to On pulse flux ratio over these timescales.
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On-pulse flux variation at long timescales, B2045-16
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Figure 3.9 The figure show variations in the on-pulse flux and the off-pulse to on-pulse
flux ratio at large timescales for PSR B2045-16 across multiple observing sessions.
Each point in the plots is obtained averaging a single observing run lasting a few
hours with the observations being separated by several days to months. The pulsar

show an apparent variation in the Off-pulse to On pulse flux ratio.
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On-pulse flux at short times, B0525+21, 325 MHz Short time Off to On ratio, B0525+21, 325 MHz
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Figure 3.10 The figure show variation of the on-pulse flux (left panel) and the off-pulse
to on-pulse flux ratio (right panel) at short timescales for pulsar B0525+21 at 325
MHz (top panel) and 610 MHz (bottom panel). The duration of a single observation
spans several hours and the on and off-pulse fluxes were determined averaging 0.5
—1 hour at a time within a single observation. The on-pulse flux varied at short

timescales (several hours) within errors of measurements and the on-pulse to off-pulse

ratio remained constant at these timescales.
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in flux over a single observing run at 325 MHz and 610 MHz respectively (these are
comparable to the error in flux measurements and hence undetectable). In table 3.2
the average on and off-pulse flux and the off-pulse to on-pulse flux ratio during each
observing session is reported. The long term flux change (about 55%) seen at 325
MHz (figure 3.8, top panel on left) is due to RISS, however the off-pulse to on-pulse
flux ratio remain constant both at 325 and 610 MHz (see figure 3.8, bottom panel on
left). The short term flux variations were determined by dividing a single observing
session into shorter intervals (0.5 to 1 hour) and making images for each case. The
on and off-pulse flux was measured for each interval and the off-pulse to on-pulse flux
ratio was calculated (see figure 3.10). The short timescale flux variations were within
the errors of measurement, as expected, and the off-pulse to on-pulse flux ratio was

also constant.

PSR B2045-16 has a dispersion measure of 11.5 pc cm 2 and its long term flux has
been monitored at multiple frequencies by Stinebring & Condon (1990) and Lorimer
et al. (1995). Based on daily flux measurements for 43 days Stinebring & Condon
(1990) quotes the scintillation parameters at 310 MHz (near our observing frequency
of 325 MHz) as T; ~ 63 seconds, Ay, ~ 288 KHz, m, ~ 0.60 and T, ~ 1.5 days.
Using the scaling relations the equivalent quantities at 610 MHz are T; ~ 134 seconds,
Avg ~ 4 MHz, m, ~ 0.85 and T, ~ 0.5 days.

The observations extended for 3 to 5 hours over 16 MHz bandwidth at both 325
and 610 MHz for each observing run. Any DISS related flux variations is expected
to reduce due to averaging over time and frequency. However due to RISS we expect
large flux variations of 110% and 40% over a single observing run at 610 and 325
MHz respectively. In table 3.2 the average on and off-pulse flux measurements and
the off-pulse to on-pulse flux ratios for each observation is quoted. The long term flux
variations and off-pulse to on-pulse flux ratio is shown in figure 3.9 (right panel). The
pulsar flux show variation in the flux values which are expected due to RISS, however
the off-pulse to on-pulse flux ratio also showed large variations at long timescales.
The short timescale flux values were determined once again by dividing a single

observing session into shorter intervals (0.5 to 1 hour) and making images for each
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On-pulse flux at short times, B2045-16, 325 MHz Short time Off to On ratio, B2045-16, 325 MHz
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Figure 3.11 The figure show variation of the on-pulse flux (left panel) and the off-
pulse to on-pulse flux ratio (right panel) at short timescales for pulsar B2045-16 at 325
MHz (top panel) and 610 MHz (bottom panel). The duration of a single observation
spans several hours and the on and off-pulse fluxes were determined averaging 0.5-1
hour at a time within a single observation. The on-pulse flux variations were once
again within errors at 325 MHz with the off-pulse to on-pulse flux ratio remaining
constant. At 610 MHz the on-pulse flux showed large variations, however the off-pulse
to on-pulse flux ratio once again remained constant at short timescales for both the
observations even though they go below detection level sometimes (arrows pointing
downwards show upper limit of detection). This demonstrated both the long and
short timescale constancy of the off-pulse to on-pulse flux ratio for B2045-16 at 610

MHz.
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case. The on-pulse flux at 610 MHz showed large variations in excess of 100% (see
figure 3.11, bottom panel to the left), however the off-pulse to on-pulse flux ratio, when
detected, remained at constant level for the two observations separated by months
(see figure 3.11, bottom panel on right). The apparent variation of the off-pulse to
on-pulse flux ratio at large timescales can be attributed to the fact that the off-pulse
was below detection limit for a large fraction of the observing run resulting in under
estimation of the average off-pulse flux over the entire observing run. At 325 MHz
the short timescale measurements once again showed constant level of off-pulse to
on-pulse flux ratio for the observation on 3 august, 2011 (see figure 3.11, top panel on
right). The observation on 16 January, 2010 was affected by the telescope pointing
35" away from the pulsar resulting in increased noise levels at pulsar position thereby
making the short interval studies impossible (the off-pulse was undetected for the
short interval studies due to higher noise levels). We conclude that despite the large
variation of the on-pulse flux and the apparent variation of off-pulse to on-pulse flux
ratio at large timescales, the off-pulse to on-pulse flux ratios remain constant at all

timescales for this pulsar.

PSR B1237+25 has a dispersion measure of 9.242 pc cm ™2 and its long term flux
has been monitored at multiple frequencies by Lorimer et al. (1995). This pulsar was
monitored on 9 separate occasions within a duration of four months by Bhat et al.
(1999) at 327 MHz; the studies were not greatly accurate but we use their results
nonetheless to obtain indicative estimates for our observations. The scintillation
parameters were Ty ~ 439 seconds, Ay, ~ 1828 KHz, m, ~ 0.69 and T} ~ 1.8 days.
Using the scaling relations the equivalent quantities at 610 MHz are T;; ~ 928 seconds,
Avy ~ 28 MHz, m, ~ 1.0 and T, ~ 0.45 days.

This pulsar was only observed for a single session at both the frequencies thereby
making it impossible to carry out long term variation analysis. In addition the off-
pulse detections were very weak at 325 MHz and we were unable to detect the off-pulse
emission at short intervals. However the on-pulse flux for this pulsar was sufficiently
above the long time average pulsar flux (see fig 3.14), indicating the off-pulse level to

be intrinsically weak at 325 MHz. We have carried out the short time flux variation
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On-pulse flux at short times, B1237+25, 610 MHz Short time Off to On ratio, B1237+25, 610 MHz
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Figure 3.12 The figure show variation of the on-pulse flux (left panel) and the off-pulse
to on-pulse flux ratio (right panel) at short timescales for pulsar B1237+25 at 610
MHz. The duration of a single observation spans several hours and the on and off-
pulse fluxes were determined averaging ~ 1 hour at a time within a single observation.

The on-pulse flux showed large variations, however the off-pulse to on-pulse flux ratio

once again remained constant at short timescales.

exercise at 610 MHz as shown in figure 3.12. The on-pulse flux measured for a duration
of 6 hours, undergoes a large variation by a factor of 2 which is within the expected
levels of variation due to RISS. The off-pulse to on-pulse flux ratio once again remain

constant for the duration of the observation.

PSR B0834+06 has a dispersion measure of 12.889 pc cm™ and its long term
flux has been monitored at multiple frequencies by Lorimer et al. (1995). This pulsar
was monitored on 93 separate occasions within a duration of two and half years
by Bhat et al. (1999) at 327 MHz. The scintillation parameters obtained were T ~
390 seconds, Avy ~ 454 KHz, m, ~ 0.40 and T, ~ 3.9-6.6 days. Using the scaling
relations the equivalent quantities at 610 MHz are T; ~ 824 seconds, Avy ~ 7 MHz,
m, ~ 0.57 and T, ~ 1.0-1.7 days.

As in the previous case the pulsar was only observed for a single session at both the
frequencies thereby making it impossible to carry out long term variation analysis.
The off-pulse detections were once again very weak at 325 MHz to undertake short

interval studies. However the on-pulse flux for this pulsar was also sufficiently above
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On-pulse flux at short times, B0834+06, 610 MHz Short time Off to On ratio, B0834+06, 610 MHz
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Figure 3.13 The figure show variation of the on-pulse flux (left panel) and the off-
pulse to on-pulse flux ratio (right panel) at short timescales for pulsar B0834+06
at 610 MHz. The duration of a single observation spans several hours and the on
and off-pulse fluxes were determined averaging ~ 1 hour at a time within a single
observation. The on-pulse flux showed significant changes, however the off-pulse to

on-pulse flux ratio once again remained constant at short timescales.

the long time average pulsar flux (see fig 3.14), indicating the off-pulse level to be
intrinsically weak at 325 MHz. We have carried out the short time flux variation
exercise at 610 MHz as shown in figure 3.13. The on-pulse flux measured for a
duration of 5.5 hours, undergoes large variations within expectations from RISS. The
off-pulse to on-pulse flux ratio once again remain constant for the duration of the

observation.

PSR B0320+439 The off-pulse emission detected in this pulsar were too weak to
carry out short time interval analysis. However, the fraction of the off-pulse to on-
pulse flux ratio for this pulsar were commensurate with the other pulsars indicating

that the conclusions of the previous cases can be extended to this pulsar as well.

3.3.3 Upper Limits to Emission Heights of off-pulse

The off-pulse to on-pulse flux ratio as demonstrated above remains constant at all
timescales for the pulsars in our sample. This signifies that the timescales of refractive

scintillations for the off-pulse is similar to that of the main pulse, which readily puts
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Table 3.3 Upper limits to emission region of off-pulse emission.

Pulsar Pc/2x | D3* DO1o 03% 610 R32 ROV
km km km " " km km
B0525+21 | 1.8x10° | 1.6x10% | 4.0x107 | 1.2x1076 | 2.5x107% | 4.1x10° | 8.6x10°
B2045-16 | 0.9%x10° | 3.3x107 | 1.1x107 | 5.7x107% | 9.3x1076 | 8.2x10° | 13.2x10°
B1237+25 | 0.7x10° | 3.6x107 | 0.9x107 | 5.2x1076 | 1.1x107° | 6.6x10° | 13.9x10°
B0834+06 | 0.6x10° | 3.8x107 | 1.1x107 | 4.9x1076 | 9.4x107% | 5.3x10° | 10.2x10°

a constraint on the size of the emitting region of the off-pulse with respect to the
on-pulse. If we assume a thin screen approximation, i.e, the refractive scintillations is
due to a thin lens (0.1-1 % of the thickness of intervening medium) placed a fractional
distance (8 = Ds/D, where Dy is separation between pulsar and lens and D the
distance between pulsar and observer) from the pulsar, the refractive timescale is

given as:
D,

B ‘/;TG’I’LS X (]- _6)
where D, is the diameter of the lens and V,,,,s the transverse velocity of the pulsar

T, (3.6)

in the sky plane with respect to observer. The similar refractive timescales imply
the on-pulse and off-pulse emission is unresolved with respect to the lens putting an
upper limit to the separation between the the on and off-pulse emitting regions with
A/ D,.

Using the known properties of the pulsars (table 3.1) and assuming the lens lies

the maximum angular separation given as #,,,, ~

mid way between the pulsar and observer (f = 0.5) we calculate the diameter of
the lens (D,) for each pulsar using eq.(3.6). This is further used to determine the
upper limits to the angular size of the emitting region (6,,,,). Finally the physical
size of the maximum emitting region (R,,,.) is calculated using 6,,,, and distance to
the pulsars. The maximum emitting region (which is also the maximum separation
between the on-pulse and off-pulse emitting regions) is constrained to be a few micro
arcseconds (0,4, ). This further implies that the off-pulse emission is constrained by
the refractive scintillations to originate within an order of magnitude of the light
cylinder radius (Pc/27). The detailed estimates constraining the emission heights of

off-pulse emission for the four pulsars B0525+4-21, B2045-16, B1237+25 and B0834+06

67



Table 3.4 The spectral index of off-pulse emission.

Pulsar QoN (%)325 (%)610 QOFF
B0525+21 | -1.5 £0.1 | 0.13940.012 | 0.15040.015 | -1.384+0.28
B2045-16 | -0.9540.12 | 0.118+0.014 | 0.106+£0.015 | -1.12+0.33
B1237+25 | -1.9 £0.2 | 0.015£0.003 | 0.109+0.009 | 1.254+0.47
B0834+06 | -3.3 £0.6 | 0.01940.004 | 0.12540.014 | -0.3140.67
B0320+39 | -2.9 £0.1 | 0.120£0.010 | 0.107£0.011 | -3.08+0.51

is shown in table 3.3. This is more than ten orders of magnitude lower than the typical
size of a PWN. We use these empirical estimates as a strong indication of the off-pulse

emission originating within the pulsar magnetosphere.

3.3.4 Spectral Index of off-pulse Emission

The off-pulse flux would vary with time due to effects of scintillations as discussed
earlier and hence would require continuous monitoring over a long time to determine
their average flux values. However, we have established that the off-pulse to on-pulse
flux ratio remain constant at all timescales. This enables us to determine the off-pulse
spectral index between 325 MHz and 610 MHz provided the on-pulse spectral index
is known and both the emissions follow a power law spectrum. The off-pulse spectral

index is given as:

log(p1/p2)
log(v1/vs)
where aprr and apy are the off-pulse and on-pulse spectral indices respectively and

(3.7)

QoFF = QoN +

p the off-pulse to on-pulse flux ratio at frequency v. The error in apy is obtained
from the error in fitting the on-pulse data while the error in appp is determined using

the error in estimating both apxy and p.

B05254-21 The main pulse spectrum between 400 MHz and 1.6 GHz is well known
(Lorimer et al. 1995) and shown in figure 3.14 (top panel on the left), which is well

approximated by a single power law spectrum with spectral index —1.5 (linear fit in
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Figure 3.14 The figure show low frequency spectral nature of the on-pulse flux and

the off-pulse spectra between 325 MHz and 610 MHz for the five pulsars B0525+21
(top left), B2045-16 (top right), B1237+25 (middle left), B0834+06 (middle right)

and B0320+39 (bottom left)
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fig 3.14). The off-pulse spectral index is calculated using eq.(3.7) and the off-pulse to
on-pulse flux ratios given in table 3.4. The off-pulse spectral index turns out to be

—1.4 which is pretty steep and comparable to the on-pulse spectra.

B2045-16 The spectrum for the on-pulse is determined from the literature (Lorimer
et al. 1995; Maron et al. 2000) over the frequency range 300 MHz to 10 GHz. In this
case however the entire spectral range is not approximated by a single power law, with
a clear break in the spectrum seen around 750 MHz (see figure 3.14, top panel on the
right). We determine the spectral index in this case by fitting two separate power laws
above and below the break with spectral indices of —2.3 for the high frequency range
and —0.95 for the low frequency regime. Our observations at 325 and 610 MHz lie in
the low frequency range and we use this to calculate the spectral index of off-pulse
emission using eq.(3.7) which turns out to be —1.1. The off-pulse spectra is steeper

than the on-pulse spectra at the low frequency range.

B1237+425 The spectrum between 400 MHz and 1.6 GHz is once again determined
using previously measured values (Lorimer et al. 1995) and is shown in figure 3.14
(middle panel on the right). The on-pulse spectra is well approximated by a single
power law with a spectral index of —=1.9. The off-pulse spectra on the other hand show
a turnover between 325 MHz and 610 MHz with a spectral index of +1.25. This does
not appear to be a result of the instrument unable to detect missing flux as mentioned

earlier but an intrinsic nature of the off-pulse emission in this pulsar.

B0834+4-06 The spectrum of the pulsar between 400 MHz and 1.4 GHz was de-
termined using flux values from literature (Lorimer et al. 1995). However, the low
frequency spectra was not well determined with large spread in the flux values and
hence large errors in the fitted spectral index. The on-pulse spectra determined was
very steep with a spectral index of —3.3. The off-pulse spectra was vastly different
from the on-pulse spectra with a spectral index of —0.3. Due to the large error in the
on-pulse spectra it was difficult to say whether there was a turn over in the off-pulse

spectra. However, it is clear that the off-pulse spectra show considerable flattening
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between 325 MHz and 610 MHz for this pulsar.

B0320+4-39 The spectrum of the pulsar between 400 MHz and 1.4 GHz was once
again determined using available data (Lorimer et al. 1995). The on-pulse spectra
with a single power law fit was relatively steep spectrum with spectral index of —2.9.
The off-pulse spectra was also very steep and closely followed the on-pulse spectra

with a spectral index of —3.1 which is the steepest spectra in our sample.

3.4 Discussion

We have discovered radio emission in the off-phase of long period pulsars, termed
off-pulse emission, located far away from the typical main pulse in the pulsar profile.
Unlike the main pulse emission which sticks out as a pulsed component, the off-pulse
emission so far remains undetected as a temporal structure in the pulsar profile. The
off-pulse emission have been detected by averaging a certain section of the pulsar
profile away from the pulsed main pulse and measuring the flux value using deep
interferometric imaging. The off-pulse emission seem to be a constant background
emission in the temporal profile, however, a bin by bin imaging analysis needs to be
implemented in order to uncover any temporal structure in the off-pulse and form
part of our future endeavours in off-pulse studies.

We have observationally constrained the off-pulse emission to be originating within
the pulsar magnetosphere using scintillation studies of on and off-pulse flux. The spec-
tral index of off-pulse emission seem to be steep for the relatively longer period pulsars
(B0525+-21, B2045-16 and B0320+39) while it becomes flat spectrum (B0834+06)
and even shows inversion (B1237+25) for the shorter period pulsars. At this stage
we should desist from reading too much into this as we are yet to understand the
location and nature of the off-pulse emission within the pulsar magnetosphere.

The off-pulse emission appear to be a completely new and hitherto undetected
radio emission from pulsars. We have shown the off-pulse emission to be magneto-
spheric in origin and even if we assume the emission to originate at the outermost

extremity of the magnetosphere, i.e, the light cylinder, the brightness temperature
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is greater than 10'® K. This strongly suggests a coherent radio emission mechanism
responsible for the off-pulse emission which leads to the next important question as
to where and how does this off-pulse coherent emission originate in the pulsar mag-
netosphere? In most theories the radio emission is excited due to development of
plasma instabilities in the outflowing plasma moving along dipolar magnetic fields as
discussed in chapter 1. The location of off-pulse emission in the pulsar profile indi-
cate the emission to originate higher up in the pulsar magnetosphere compared to
the on-pulse which originate around heights of 500 km from the neutron star surface.
In the next chapter we investigate a coherent emission mechanism which develops
at the outer magnetosphere called the cyclotron-resonance instability and look at its

compatibility with the detected off-pulse emission.
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Chapter 4

Cyclotron Resonance Instability

4.1 Radio emission in pulsars

In this section we recapitulate the conditions in the pulsar magnetosphere leading to
radio emission as introduced in chapter 1. The neutron star, radius Rg = 10° cm,
is characterized by a strong magnetic field By, which is highly multipolar near the
stellar surface (Mitra et al. 1999b). The dipole part of the surface magnetic field is
given as By = 3.2x109(PP)Y/2 G, here P and P are the rotation period and period
derivative, respectively, B; = bB,; and b > 1. The rotating magnetic field gives rise
to an electric field (F), and in order to maintain the force-free condition (F.B = 0) a
corotating charge-separated magnetosphere, with density ng; = —(2.B)/2mce (Gol-
dreich & Julian 1969), surrounds the neutron star. The force-free condition breaks
down at the light cylinder, Rzc = ¢/Q = 4.8 x 10°P c¢m, beyond which the charges
no longer corotate. Above the polar regions there is an outflow of charges and the
magnetosphere slowly recedes, resulting in a charge depleted vacuum gap with a large
potential drop across it. In the gap region e~ e™ pairs are created by pair production
involving background v-ray photons interacting with the high magnetic field. The
pairs so created are accelerated in opposite directions to relativistic energies by the
large potential difference across the gap. These highly energetic particles produced

in the vacuum gap emit further v-rays via curvature radiation and/or inverse comp-
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ton scattering, giving rise to a cascade of e~e™ pairs which discharges the potential
difference across the gap. The height of the gap region h stabilizes at the mean free
path length of the y-ray photons and is given by (Ruderman & Sutherland 1975) as:

h=5x10° b7 PVTP~H 727 cm (4.1)

Here pg = p/10% cm, where p is the radius of curvature of the multipolar field lines
in the gap region. The potential difference across the vacuum gap is AV = QBh?/c
which, according to (Ruderman & Sutherland 1975), reduces to:

AV =5 x 10° YT p=31p=lit, 4T ol (4.2)

The discharge of the vacuum gap takes place through a series of sparks which deposit
highly energetic singly charged primary particles beyond the gap region. According
to the “sparking” model (Gil & Sendyk 2000) the typical diameters of the sparks are
~ h. The primary particles have maximum energies specified as v, = eAV/mc? ~
3x10% for typical pulsar parameters. Due to partial shielding of the acceleration
region by thermionic ions, the gap potental drops to AV = nAV ... (Gil et al.
2003), and the particle densities are given as n, = nngy, where 0 < n < 1 is the
screening factor. Omnce outside the gap the primary particles cease to accelerate
but continue emitting curvature radiation with characteristic photon energies given
by hw. = %yg’hc/ p. The photons continue pair production resulting in a cloud of
secondary e”e™ plasma with typical energies v, = hw./2mc* ~ 10-1000 and density
n, = Xnas, where x ~ 10* is the Sturrock multiplicative factor (Sturrock 1971).
The spark discharge timescale in the vacuum gap is a few tens of useconds, and
this results in overlapping clouds of outflowing secondary plasma penetrated by the
primary particles. Thus to summarize, the pulsar magnetosphere above the polar cap
consists of a series of secondary plasma clouds, each corresponding to a ”spark” in the
vacuum gap, penetrated by primary particles, moving outward along the magnetic
field.

The principal predicament in explaining the radio emission from pulsars is its co-
herent nature evidenced by high brightness temperatures. This presages the presence

of a bunching mechanism resulting in a large number of charged particles radiating
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simultaneously in phase. There are two possible regions where instabilities in the
outflowing plasma can lead to charge bunching. In the first case particles of differ-
ent momenta in the overlapping clouds undergo two stream instability giving rise to
strong electrostatic Langmuir waves around heights of ~ 50Rg, here Rg is radius
of neutron star. The Langmuir waves are modulationally unstable, and nonlinear
plasma processes results in bunching of charge separated solitons (Melikidze et al.
2000). The radio emission from the main pulse originates around these heights (e.g.
Cordes 1978; Blaskiewicz et al. 1991; Rankin 1993a; Kijak & Gil 1997, 2003; Malov
& Suleimanova 1998; Mitra & Deshpande 1999; Gangadhara & Gupta 2001; Mitra
& L 2004; Krzeszowski et al. 2009) and is explained as curvature radiation from the
charge separated solitons (Melikidze et al. 2000; Gil et al. 2004; Mitra et al. 2009).
In the second case the naturally developing electromagnetic modes in the clouds of
secondary plasma undergo negative absorption from the highly energetic primary par-
icles via the cyclotron resonance instability (Kazbegi et al. 1987, 1991; Lyutikov et al.
1999) with the possibility of coherent radio emission. Such an emission near the light
cylinder will likely be spread out over a large part of the pulsar’s rotation cycle and is
a likely source of off-pulse emission. In the next sections we examine the conditions
necessary for the development of the cyclotron resonance instability near the light

cylinder and its viability in explaining the detected off-pulse emission.

4.2 Conditions for emission near the light cylinder

The magnetic field near the outer magnetosphere becomes strictly dipolar field due
to the much faster decay of the higher multipoles. The magnetic field and plasma
density, within the dipolar structure, decrease with distance R from neutron-star
surface as (Rg/R)3. The high magnetic field near the neutron star surface constrains
the outflowing plasma to move along the field lines. This condition is relaxed near
the light cylinder where the magnetic field is much weaker and the particles are
able to exhibit drifting. Within the outflowing plasma various electromagnetic (EM)
propagating modes can be generated. The extra-ordinary mode is one such example

which is a transverse EM wave capable of propagating in the plasma and escaping

75



the plasma boundary. The dispersion relation for the extra-ordinary waves is given
as (Kazbegi et al. 1991):

w2

_ _ _ %
w=ke(l—-9), 0 e (4.3)

Here wp is the cyclotron frequency and w, the plasma frequency.

B 4 2\ 1/2
Wp =~y w, = ( hpe ) (4.4)
meC M

The amplitude of the extra-ordinary wave should grow as it propagates through the
plasma if it is to escape the plasma region. This amplification is provided by the high
energy primary plasma through the cyclotron resonance instability. The primary
particles near the light cylinder are capable of resonating with the extra-ordinary
wave. The particles in addition also undergo curvature drift with a drift velocity uqy
= v¢? Jwpp, p being the radius of curvature of the field lines. The resonance condition

for the instability is given as:
wpB
w(k) — k”?}” —kiug+ 7 =0. (4.5)

Here k| and v are the wave vector and particle velocity parallel to the field lines and
k) the wave vector perpendicular to the field lines. The dispersion relation [eq.(4.3)]
and the resonance condition [eq.(4.5)] gives the resonance frequency to be

wpB

Wo = . 4.6

77'685 ( )
Here v,.s = 7. In addition to the excitation of resonance frequency, another fac-
tor that is crucial for the emergence of the emission is the growth rate I' specified

as (Kazbegi et al. 1991):

2

w
[ =ng-B= u3/2c%0 < 1
wWo T
Wy res Ug 2 /0,2
I = p,res %d 2¢25 1 4.7
7r2w0'yT 20 a/ 260 > (4.7)

~r is the thermal spread in the secondary plasma distribution. The necessary con-
ditions for the electromagnetic emission due to the cyclotron resonance instability

are:

76



1. The growth factor should be large I't > 1, where 7 ~ Rpc/c = P/27 is the

growth time, i.e. the duration before the waves escape the light cylinder.

2. The resonance frequency should not exceed the damping frequency, wy < w; =

27pwB.

4.2.1 Parametric representation

We assume the emission to manifest at the light cylinder, Rpc = ¢/Q ~ 4.8 x10° P cm,
ensuring maximum growth of the resonant waves. We determine a representation of
the conditions explained above in terms of the basic parameters of the pulsar and the

outflowing plasma. The magnetic field is given as:

B = 1012(PP_15)1/2(R3/R)3 G
9 (P_y5/P)V? @G (4.8)

Q

Here Rg ~ 10° cm and B is represented at the light cylinder. The Goldreich-Julian
density on the neutron star surface is given as
ngy = —(Q-B)/2mce
~ 6.9 x 10 (P_y5/P)Y? cm™3 (4.9)

Using eq.(4.8) and (4.9) and appropriate distance scaling, the various plasma prop-

erties at the light cylinder are as follows.

wﬁ ~ 4.1 x10° <PPZ;5>1/2
u};,res ~ 4.1x10% 7 (?’)1/2
wp ~ 3.3x10° (P];;"’)l/Q
§ =~ 9.6x107° <X3) ( P )1/2 (4.10)
Yp P_15
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The frequency of the emitted waves and the damping frequency follows from eq.(4.10).

, .
9 P_i;5
3.4 x 1016 | 2
8 (X%) ( pt )
. 1/2
P\
p5

Q

Wo

w, ~ 6.5x10% 4, ( (4.11)

In order to determine the growth condition we need to look into the relevance of the
curvature drift. At the light cylinder p ~ Rp¢, hence the drift velocity and drift

condition are given as

p3 1/2
Ug /= 5.7 X 102 Yy ()
5

-1

2 2 A3 3\ 1/2
P
1.9 x 1078 (e ) [ (4.12)
2¢%0 X P_y5

For typical pulsar parameters it can be shown that u2/c?§ > 1, establishing the

importance of curvature drift. The growth factor using the second part of eq.(4.7) is
3 P3

I'r~12x107" (777> () (4.13)
T Py

Finally the limits on frequency, wy < w;, and growth factor, I'r > 1, constrains the

pulsar and plasma parameters.

Tes P3 1/2
<X72 ) ( : ) > 5.2 x 107
,}/p P—15

3 P3
(’”) <> > 8.3 x 101 (4.14)
T P_y5

The conditions for the emission are shown in Fig. 5.1 for the pulsar population in the
PP diagram.

4.2.2 Application to off-pulse emission

We now look into the application of the parametric formulation for a specific set of

pulsar parameters and apply them to two pulsars with detected off-pulse emission.
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Figure 4.1 The condition for cyclotron resonance instability in the pulsar popula-
tion (red and blue points) is represented in the PP diagram with the relevant pulsar
parameters in the text. The solid black line corresponds to growth factor I'r = 1
leq.(4.18)]. The instability condition develops in the pulsar population where I't >
1 [eq.(4.18)]. The region where I't < 1 (shaded region) represents the pulsars (blue
points in shaded region) where radio emission in outer magnetosphere cannot orig-
inate. The resonance frequency of emission at 325 MHz [eq.(4.16)] is shown as the
green line. In addition to satisfying the instability condition (region where I't >
1) the possibility of detecting radio emission depends on the flux density and the
efficiency of energy in the plasma being converted into radio emission. Using an
upper detection limit of 1 mJy for current radio telescopes at the sub GHz range,
we estimate the minimum observable luminosity L for each pulsar using eq.(4.22).
Assuming the efficiency of the emission mechanism to be about 5% of L, [given by
eq.(4.21)] we find a sub-sample (red points) where the emission mechanism presented

here can give rise to detectable off-pulse emission (i.e. 0.05L, > Lys and I't > 1).
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The pulsar parameters used for our studies are, 7, = 10; x = 10%; 7,5

= 10%; n = 10~L. We look at the various conditions as explained above.

2 P3
7.6 % 102 [ =
226 P 5

)1/2

P
15) MHz

P4

Vo = wo/2m == 270 (

P\
v = wy /27 ~ 1.03 ( 1;;5> GHz

P3
I'r~9.3 ( - >
P_15

B0525+21: P = 3.7455 sec; P_5 = 40.05;
The limits expressed in eq.(4.14) reduce to

. p3 o\ /2
<X%6 ) < ; ) —923%x 108> 5.2 % 107

V2 P_i5
3 p3 X
(777) <) — 1.05 x 10 > 8.3 x 10!
Y P_i5

B2045-16: P = 1.9616 sec; P_i5 = 10.96;
The limits expressed in eq.(4.14) reduce to

res P3 1/2
<X7 ) < : ) —1.7%x108> 52 x 107

75 P_i5
3 P3
(’”) ( : ) —55%x 10" > 8.3 x 101
YT P_i5

B1237+25: P = 1.3824 sec; P_i5 = 0.96;
The limits expressed in eq.(4.14) reduce to

p3 1/2
<X%“> ( . ) —33x108>52x107

7;% P_15
3 3
(7”) ( r ) —922 %106 > 83 x 10
T P_i5
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B0834+06: P = 1.2738 sec; P_i5 = 6.8;
The limits expressed in eq.(4.14) reduce to

res P3 1/2
<X7> < ) =1.1x10°>52x 107

V2 P_y5
3 p3
(777) ( . ) — 24 %10 > 8.3 x 101
YT P_y5

B0320+39: P = 3.0321 sec; P_15 = 0.64;
The limits expressed in eq.(4.14) reduce to

res P3 1/2
<X7 >< ) —13x10°> 5.2 x 107

V2 P_i5
3 p3
(777) ( ' ) =3.5x 10" > 8.3 x 10™
Y P_i5

The pulsar parameters have been obtained from the publicly available ATNF pul-
sar database: http://www.atnf.csiro.au/research/pulsar/psrcat/ (Manchester et al.
2005).

In the analysis presented here we have made two basic assumptions that the reso-
nance condition develops at the light cylinder and the secondary plasma is character-
ized by 7, = 10. These assumptions, although they demonstrate the viability of the
emission mechanism and constrain the parameter space, do not put strict limits on
the secondary plasma energy or location of emission in the pulsar magnetosphere. In
one scenario for the same pulsar it is possible for the resonance condition to originate
at a different height for a slightly different secondary plasma energy, i.e, lower energy
particles will emit the same resonance frequency at a lower height. In an alternate
picture the same energy particles will satisfy the resonance condition at a different
height for a different resonance frequency, i.e, the resonance frequency will be higher
at a lower height. In a typical pulsar all these scenarios are likely to exist, which
would account for not only the wide range of frequencies likely to be emitted but also
the spread of the detected signal over a wide range in the pulsar profile. However the
emission conditions can only develop in the outer magnetosphere near the light cylin-
der, which in conjunction with the damping frequency puts a limit on the maximum

frequency that can be emitted to be around the GHz range.
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4.3 Energetics

In this section we look into the total energy available in the plasma and its sufficiency
in accounting for the detected off-pulse emission. The total available energy in the
plasma when emitted as radio emission gives

Lp = ’Yresmc?)nresﬁp erg 5_1 (419)
Here (3, represents the cross-section of the open field lines, 8, = 6.6 x 108 P~'(R/R;)?
cm?. The luminosity of the off-pulse emission is given as:

Lops = 4tD3S,Av (7 erg s7° (4.20)

Here Dy is the distance to pulsar; S, the observed off-pulse flux; Av is the frequency
range and ( the fractional opening angle. Using 7,.s=2x10% n=10"%; S,=1 mlJy;
Av=100 MHz; (=10"" eq.(4.19) and (4.20) are expressed as

P 1/2
L, ~ 2.2 % 10% (Jj) (4.21)
Lops = 1.2 x 10°"D, (4.22)

Applying the luminosity values to the two pulsars as in the previous section we look

into the relevance of the mechanism.

B0525+21: D, = 2.28. L, = 2.5x10%; Ly, = 6.2x10%".
B2045-16: Dy, = 0.95. L, = 1.8x10%; Ly, = 1.1x10%7,
B1237+25: Dy, = 0.84. L, = 1.3x10%; Ly, = 8.5x10%.
B0834+06: Dy, = 0.72. L, = 4.0x10%%; Lys = 6.2x10%.

B0320439: Dyye = 1.49. L, = 3.3x10%; Ly, = 2.7x1077.

L, > L for off-pulse emission in all the pulsars in our sample. It is clear that
the cyclotron resonance instability is an energetically viable mechanism for off-pulse

emission.
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4.4 Discussion

In this chapter we have demonstrated the generation of radio emission due to the
cyclotron resonance instability within the outer magnetosphere of pulsars making it
a relevant candidate for off-pulse emission. The conditions for radio emission are
dependent on the parameters of the plasma which are still poorly understood. The
details of the calculations shown here will vary with changes in plasma parameters
although the basic physical processes would still operate in pulsars. We can draw two
primary conclusions about the nature and extent of the emission from these studies.
Firstly, these conditions can only develop in a certain population of pulsars which
have longer periods and/or smaller period derivatives. Secondly, there is an upper
limit to the frequency that can be emitted constrained by the damping frequency. In
addition we have also found an observational limit based on the detection capabilities
of present day telescopes and energetics which show the emission from long period
pulsars with very small period derivatives being too weak to be detected. The pulsars
which follow the above criteria are shown as red points in Fig. 5.1 (see figure caption
for details).

We have demonstrated the applicability of the conditions of cyclotron resonance
instability by considering the physical parameters of the five pulsars where we have
detected off-pulse emission. However, this should not be considered a comprehensive
demonstration as we have only presented a rough outline of the mechanism. We
are still to characterize the off-pulse emission including their location in the pulsar
magnetosphere, the polarization characteristics of the emission, the kinematic effects
like abberation and retardation, etc. These informations would be vital for obtaining
a detailed model of the off-pulse emission which in its present form is inadequate for

application on a case by case basis.
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Chapter 5

Pre-Cursor Emission: A

Morphological Viewpoint

5.1 Morphology of Main Pulse Emission

The radio emission from pulsars is seen as a series of periodic pulses with vary-
ing shape and intensity. The integrated profile obtained by averaging a number of
such individual pulses (usually a few thousand) is a stable feature which show little
variation over time. The pulsed emission is associated with a high degree of linear
polarization with the polarization position angle showing a rotation across the profile
resembling a S-shaped curve. The radio emission originates along the open field lines
above the polar cap, centered around the magnetic axis, and is highly beamed. The
plane containing the magnetic field lines and the rotation axis determines the polar-
ization of the emitted radiation which traces the typical polarization position angle
(PPA) as the line of sight traverses the emission region (Radhakrishnan & Cooke
1969). The pulsar profile is seen to consist of one or more individual components,
known as subpulses, which show a large variety in shape and extent and also ex-
hibit frequency evolution. The shape and polarization properties of pulsar profiles
are useful for studying the emission mechanism of radio emission, the structure of
the emission region, geometrical orientation of pulsars, etc (Lyne & Manchester 1988;

Rankin 1983, 1990).
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The radio emission is assumed to originate within an emission beam which exhibit
frequency evolution, i.e. the lower frequency emission originates at higher altitudes
in the pulsar magnetosphere signifying a wider opening angle or emission beam. The
emission beam is populated by two distinct pulsed components the core and cone
emission showing contrasting features. The core emission is located near the centre
of the emission beam while conal emission is located towards the outer regions of the
beam. The core emission show stable phases and no significant evolution of width
with frequency while the cone emission component on the other hand exhibit phase
modulation in the form of drifting subpulses and also exhibit significant evolution of
width with frequency. Further, the the core emission component show a steep PPA
sweep and show significant circular polarization, the conal component on the other
hand show shallow PPA traverse and exhibit weak levels of sign changing circular
polarization. Attempts have been made to understand the illumination of the emis-
sion beam with two principal models being the patchy beam proposed by Lyne &
Manchester (1988) and the core-cone morphology postulated by Rankin (1983). The
patchy beam model assumes the intensities from different parts of the beam to vary
with only a portion of the beam visible. The radiation is also expected to exhibit
a steady decrease in the spectral index as one moves from the peripheral regions to
the center of the beam. The core-cone morphology on the other hand assumes the
emission beam comprising of a central core component surrounded by two or more
concentric rings filled with conal emission, the core components being associated with
central field lines while the conal components with the outer field lines. A large num-
ber of studies over the years (see Rankin 1993a; Mitra & Deshpande 1999; Mitra &
Rankin 2002, 2011) dealing with uncovering the nature of the emission beam have
tended to favour the core-cone morphology. Mitra & Deshpande (1999) have analysed
pulsars with conal components and found the cones to be in the form of nested rings
with widths ~ 20% the beam radius. Mitra & Rankin (2011) have looked at pulsars
with partial cones where supposedly one half of the conal components were missing
and in most cases have found weak counterparts to the partial cones thereby strongly
favouring the core-cone morphology. We believe the core-cone morphology to be at

present the best description of the pulsar beam and will use their implications in our
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analysis.

There are certain emission components known as pre/post-cursors (PPC) seen in
a small sample of pulsars where the general model fails to explain their shape and
origin. These emission components are seen either preceding or following the main
pulse emission at considerable separation and are usually characterized by high degree
of linear polarization and flat position angles. The presence of such emissions have
been reported in pulsars B1822-09 and B0943+-10 (Backus et al. 2010) and B1322+4-83
and B22244-65 (Mitra & Rankin 2011) where detailed analysis have revealed the
main pulse to be consistent with the standard model. However, no studies have
been conducted, to the best of our knowledge, aimed at characterizing the underlying
shape and geometry of the PPC components. In our present studies we attempt to
understand the underlying origin of the PPC components within the framework of
the standard approach of pulsar emission beams as developed by Rankin (1993a);
Mitra & Deshpande (1999); Mitra & Rankin (2002). We use archival data in the
literature to study the frequency evolution of the PPC components present in the
pulsars B1822-09 and B2224+65 over a wide frequency range and also for pulsars
B0943+10 and B1322+83 over a smaller frequency regime.

5.2 Pulsar Emission: Structure & Location

The pulsar radio emission originates in the open dipolar field lines above the polar
regions and hence the underlying geometry is determined by solving for a rotating
magnetic dipole with emission beam directed towards observer. The geometry of the
emission is characterized by the angle between the rotation and magnetic axis a and
the angle between magnetic axis and observer’s line of sight 5. The rotating vector
model (Radhakrishnan & Cooke 1969) gives an estimate of the polarization position

angle (PPA), x as a function of longitude ¢:

; sina sing (5.1)
any = :
X~ Cosa sin(a + ) — sina cos(a + ) cosyp
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The rate of change of the PPA with respect to the longitude at the steepest gradient

(cl;g) _ sina (5.2)

point is given as:

dp sinf
It is possible to solve for the angles o and § from the above equations however they
yield highly correlated values (Lyne & Manchester 1988). However an independent
estimate of the angle a was formulated by Rankin (1990) who relates it to half power

width of the core emission component.
sina = 2.45° P~ /W ope (5.3)

Once secure estimates of the angles a and 8 for a pulsar is available it is possible to
estimate the beam opening angle p from the measured width of the pulsar profile ¥

using spherical geometry (Gil et al. 1984).
sin®(p/2) = sin®*(3/2) + sina sin(a + 3) sin®*(¢y/4) (5.4)

Considerable effort have been made to determine the beam opening angles of the conal
emission especially in pulsars with associated core emission components. Rankin
(1993a,b) estimated the conal emission to consist of a pair of inner and outer cones.

The 1 GHz width of the inner and outer cones was given as:
pomer = 4.33° P70 poner — 5.75° P09 (5.5)

The P~ dependence is once again an outcome of the dipolar fields where the radio
emission originates. Mitra & Deshpande (1999) analyzed around forty pulsars at six
different frequencies, with each frequency signifying a separate beam opening angle,
and postulated the presence of three conal components in the pulsar beam. They

estimated the frequency evolution of conal beams given as:
Pr, = 4.8°7(1 4 661,y,) P00 (5.6)

Here r = 0.8, 1.0, 1.3 respectively for the three conal components.
The radio emission height in the pulsar magnetosphere is proportional to the square

of the opening angle of the emission beam in the dipolar field context. This provides
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a direct estimate of the emission height taking into account the angular size of the
polar cap and the radius of neutron star provided we have an estimate of the size of
the outermost open field lines. The outermost field lines are assumed to be associated

with the outer cone emission and the emission height is given as (Kijak & Gil 1998):

pouter 2
h = 10P (1'230) km (5.7)

Independent estimates of the emission heights have been obtained using the aberration-
retardation effects, shifts in the pulsar profile as a result of relativistic beaming, and
they are consistent with the heights estimated using the geometrical method (Krzes-

zowski et al. 2009).

5.3 Observational Results

We have mainly used archival data in order to study four pulsars with supposed PPC
components B0943+10, B1322+83, B1822-09 and B2224+65. We have concentrated
on the total power profiles of these pulsars and in addition to the archival data have
used some unpublished GMRT data for our purpose. Two of the pulsars B1822-09
and B22244-65 showed the presence of the PPC components over a wide frequency
range. In this section we collect the basic observational traits of the PPC components

on a case by case basis.

5.3.1 Pre-cursor emission in B1822—09

The pulsar profile comprises of a pre-cursor emission and an interpulse in addition
to the main pulse. A large number of studies have been devoted to understand
the properties of this pulsar which revealed signatures of mode changing with the
‘Q-mode associated with the interpulse and the ‘B’-mode showing the presence of
the pre-cursor. The pulsar also show significant mode mixing where both the emis-
sion components are present (Latham et al. 2012). Gil et al. (1994) carried out
multi frequency profile studies of this pulsar but failed to recognize the uniqueness

of pre-cursor component. Backus et al. (2010) identified the leading component in
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the pulsar as the pre-cursor emission and also identified the morphology of the main
pulse comprising of inner cone along with the core component. We have carried out
a detailed investigation of the profiles of this pulsar and determined the half power
widths as well as the separation between the various components in the frequency
range 0.24-10.5 GHz. The pre-cursor component becomes relatively weaker as fre-
quency of observation decreases and becomes increasingly difficult to discern at low
frequencies. Table 5.1 shows the component spacing, width and beam opening an-
gles: column 4 shows the measured width of the main pulse at the half power point
by fitting one and in some cases two gaussians; column 5 shows the measured half
power width of the pre cursor component by fitting a gaussian; column 6 represents
the separation between the peaks of the main pulse and precursor. The interpulse
emission have been shown to be a much wider component by Backus et al. (2010)
with 180° separation between its central point and the main pulse. But in most cases
the interpulse is too weak to detect the entire emission and hence we resort to cal-
culating the separation between the peaks of the main pulse and interpulse as shown
in column 7. The geometry has been estimated by Mitra & Rankin (2011) with o =
86° and [ = 0°. Using eq.(5.4) we determine the beam radius of the main pulse in
column 8 and the pre-cursor component using the separation between the pre-cursor
and the main pulse as half opening angle in column 9 with the errors calculated using
estimates of Mitra & Rankin (2002) [eq.(4)therein]. In figure 5.1 we have plotted the

beam radius of the pre-cursor and main pulse components for this pulsar.

5.3.2 Post-cursor emission in B2224+65

The pulsar consists of two gaussian like emission components with the trailing com-
ponent exhibiting a high degree of linear polarization and flat position angle swing.
Lyne & Manchester (1988) classified the pulsar as a partial cone with one half of
the cone emission missing. However Mitra & Rankin (2011) identified the trailing
component as a post-cursor emission component, despite the PPA fitting both the
components very well, due to the large separation of the post-cursor component from

the leading component and the missing half of the supposed conal component. We
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Table 5.1 The component spacing, width and beam radius

MP

PC

Pulsar Period v MP wid | PC wid PC-MP IP-MP p p
sec MHz ° ° ° ° ° °

243 | 8.1£04 3.9140.6 14.440.3 - 4.0£0.2 14.44+0.3

325 | 7.1£0.2 7.0+0.2 15.240.1 | 186.3+0.1 | 3.5%0.1 15.240.1

408 | 6.7£0.4 4.1£0.2 14.840.1 | 185.7+0.2 | 3.34+0.2 14.84+0.1

610 7.1+1.1 6.7+0.2 14.6+0.6 | 186.2+0.6 | 3.54+0.5 14.6+0.6

800 | 6.8+0.1 7.4£0.3 14.5+0.1 | 185.7+0.2 | 3.440.1 14.54+0.1

925 | 5.440.1 7.7+0.2 15.0+0.1 | 186.3+0.1 | 2.74+0.1 15.0+0.1

1330 | 6.5%0.1 7.1+0.1 14.7+0.1 | 186.0+0.2 | 3.24+0.1 14.71+0.1

B1822-09 | 0.769 1408 | 5.240.1 6.01+0.1 14.7+0.1 | 186.0+0.1 | 2.640.1 14.74+0.1
1408 | 5.540.2 5.440.1 14.6+0.1 | 187.24+0.1 | 2.740.1 14.6+0.1

1410 | 6.1£0.3 5.6+£0.2 13.6+0.1 | 187.0+0.1 | 3.0+0.2 13.6£0.1

1640 | 5.7£0.3 6.4+1.0 14.9£0.4 - 2.840.2 14.940.4

1642 | 6.0£1.1 5.61+0.1 14.3+0.8 | 186.7+1.1 | 3.0£0.5 14.3+0.8

4750 | 5.9£0.7 5.1+0.1 14.1+0.4 | 186.8+0.4 | 2.940.3 14.1+0.4

4850 | 4.9£0.1 5.6+0.1 | 13.9£0.04 - 2.440.1 | 13.9£0.04

10450 | 3.0+0.2 5.5£0.5 14.3+0.2 - 1.5+0.1 14.3+0.2

10550 | 3.6+0.1 6.3+0.3 14.3£0.1 - 1.8£0.1 14.3£0.1

325 | 12.1+0.2 | 18.740.7 | 33.3£0.3 - 3.7+0.2 10.0£0.1

400 | 12.0+0.2 | 15.1£0.7 | 32.14+0.3 - 3.7+0.2 9.7+0.1

408 | 10.4+0.3 | 13.4+1.3 | 32.7£0.6 - 3.6+0.2 9.9+0.2

610 | 11.3£0.2 | 10.9+0.3 | 31.240.1 - 3.7£0.2 9.5+0.1

B2224+65 | 0.683 800 | 12.0£0.5 | 10.1+0.4 | 30.5£0.3 - 3.7+0.2 9.3+0.1
925 | 11.3£0.5 7.5+0.3 | 29.9+0.2 - 3.7+0.2 9.240.1

1330 | 12.3+£0.3 | 8.3+0.4 | 29.5£0.2 - 3.7+0.2 9.0+0.1

1408 | 10.7+£0.1 6.7+£0.1 | 29.5£0.2 - 3.6+0.2 9.0+0.1

1408 | 11.7+£0.2 | 7.0£0.1 | 29.3£0.1 - 3.7£0.2 9.0+0.1

1642 | 11.5+£0.3 | 6.7£0.1 | 28.940.1 - 3.7+0.2 8.9+0.1

B0943+10 | 1.098 325 12.840.1 | 23.4+1.0 | 52.8£0.5 - 5.6+0.05 | 13.4%0.1
610 13.2+0.2 | 14.44+1.2 | 51.7£0.6 - 5.6+0.05 | 13.240.1

B1322+83 | 0.670 325 9.840.2 | 17.1£1.0 | 42.9%+0.6 - 5.3+0.1 12.940.1
610 10.0+0.4 - 42.240.8 - 5.3£0.1 12.7+0.2
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have carried out a detailed study of the frequency evolution of the pulsar profile with
particular emphasis on the emission components of this pulsar in the frequency range
0.325 — 1.6 GHz. In Table 5.1 we calculate the component widths and separation of
the main pulse and post-cursor components. The main pulse emission has been iden-
tified with the core emission component. The geometry has been estimated by Mitra
& Rankin (2011) nd is specified by a = 27° and § = 4.9°. However, the core width
was incompatible with the above geometry and using the average width 11.3° (4"
column in table 5.1), eq.(5.2) and (5.3) the geometry was estimated to be o = 15.2°.
We used (dx/dy)_. = -4.5 from Lyne & Manchester (1988) to determine § = 3.3°.
The beam radius has been calculated for the main pulse in the 8 column. The 9
column represents the beam radius with the separation between the main pulse and
the trailing component peaks taken as half opening angle. The beam radii for the

main pulse and the trailing component (plotted in blue points) are also shown in

figure 5.1.

5.3.3 Pre-Cursor emission in B0943410

The pulsar is known to exhibit mode changing with ‘Q’ and ‘B’ modes with the
main pulse being a classic example of conal emission component. The pulsar show
subpulse drifting phenomenon particularly in the ‘B’ mode. Backus et al. (2010)
reported the presence of a faint emission component preceding the main pulse emission
and far away from it which they identified as a pre-cursor emission. The pre-cursor
component, characterized by high degree of linear polarization, was present only
during the ‘Q’-mode. The pulsar is particularly weak especially during the ‘Q’-mode
and lacks high quality data at high frequencies to carry out our analysis. We had
access to ‘Q’-mode pulsar profiles at 325 MHz and 610 MHz which were used for our
studies. The geometry of this pulsar have been reported in Rankin (1993b) to be o =
11.5°and 8 = 5.4°. We have determined the width of the main pulse, the pre-cursor
component and the separation between peaks of the pre-cursor and main pulse in
columns 4, 5 and 6 of table 5.1. The beam radius of the main pulse is calculated

in column 8, using the pulsar geometry and eq.(5.4). In column 9 we represent the
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beam radius with the separation between the main pulse and pre-cursor taken as half

opening angles which are also depicted in figure 5.1.

5.3.4 Pre-Cursor emission in B1322-+}83

The pulsar was studied in great detail by Mitra & Rankin (2011) at 325 MHz who
reported the presence of a weak leading component ahead of the main pulse emission.
This emission component once again exhibited high linear polarization with a flat
position angle swing and was identified as a pre-cursor component. The main pulse
emission exhibit the properties of a conal single profile and the profile is similar to the
‘Q’-mode of B0943+10. The main pulse emission also exhibit signatures of scattering
with a scattering tail at the trailing end which made estimates of pulse widths difficult.
The geometry of the pulsar have been determined by Mitra & Rankin (2011) as «
= 14° and 8 = 5.1°. The pre-cursor component for this pulsar is particularly weak
and hence have not been detected in most of the pulsar profiles at other frequencies
apart from the profile at 610 MHz. However we have not been able to discern the
width and extent of the pre-cursor component at 610 MHz due to the signal being
very weak but we have managed to identify its peak value. The component widths
and separation at 325 MHz and 610 MHz is shown in table 5.1 along with the radius
of the beam determined from the geometry of the pulsar. The estimates of the radii

of the main pulse and pre-cursor beam have been shown in figure 5.1.

5.4 Discussion

5.4.1 Outer Conal emission in B2224-+65 and PPC emission

We have shown in figure 5.1 a clear demarcation between the PPC emission compo-
nents and the main pulse emission. The boundary (Mitra & Deshpande 1999) of the
outer conal emission in the figure shows the maximum extent of the main pulse beam
opening angle. The pre-cursor components in B1822-09, B0943+10 and B1322+-83
all lie well outside the conal boundary. The trailing component of B2224+65 however
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The Frequency evolution of the Beam Radius
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Figure 5.1 The figure shows the evolution of the radius of beam opening angle with
frequency for the main pulse and the PPC components in the four pulsars B1822-09,
B2224+4-65 (PPC shown separately in blue), B0943410 and B1322+83. The dotted
lines corresponds to the spread in the beam radius of the outermost conal components
as determined by Mitra & Deshpande (1999) representing the maximum extent of the
dipolar open field lines. The main pulse emission in all the four pulsars lie well within
the pulsar beam corresponding to either the core or conal emission components. The
post-cursor component in B2224+65 exhibit significant frequency evolution and can
be identified with an extremely outer region of the beam and is therefore not a PPC
component. The PPC components of the remaining three pulsars is not consistent
with the core-cone morphology, show no frequency evolution and lies well outside the
beam specified by the dipolar open field lines. In the right hand side we have shown
the emission heights for the beam radius corresponding to the last open field lines
which clearly demonstrate the pre-cursor components originating much higher up the

pulsar magnetosphere compared to the main pulse emission.
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lies within the boundary demonstrating that this emission component was erroneously
identified as a post-cursor.

The frequency evolution of the trailing component in B2224+4-65 and the pre-cursor
component of B1822-09 is quite informative about their different nature. The trail-
ing component in B22244-65 clearly show a certain evolution with frequency which
is consistent with the outer conal components and dipolar geometry. We conclude
that the pulsar B22244-65 is a typical example of the partial cones of Lyne & Manch-
ester (1988) with an observed one sided outer cone at the extreme boundaries of the
emission beam leading to the confusion about its post-cursor nature. The pre-cursor
emission component in B1822-09 however show no variation with frequency over the
wide frequency range extending from 200 MHz to 10 GHz. The pre-cursor emission
from pulsars and raises interesting questions about their underlying emission mecha-
nism which we briefly explore in the next section. However, the studies carried out
here have established the unique morphological and geometrical origin of the PPC
emission from pulsars in addition to providing a suitable method of distinguishing the

PPC components from the outer conal emission lying far away from the main pulse.

5.4.2 Emission Heights and origin of PPC emission

In figure 5.1 we have determined the emission heights on the right hand side using
eq.(5.7) and assuming the beam radius to represent the last open field lines. The main
pulse emission arises at heights of 20-50 R, where R, is the radius of the neutron star,
which is largely consistent with our estimates. The core and inner cone components
in the figure appear to arise from lower heights as they originate from inner field lines
and hence are underestimated. The pre-cursor emission on the other hand appears to
originate much higher up the open field lines with lower limits between 100-150 R,.
In addition the PPC component in B1822-09 show no signatures of evolution over a
wide frequency range. This indicates two possibilities about their origin, either the
PPC components emanate from a region where the signatures of frequency evolution
are not detectable like the inner field lines or the emission mechanism responsible for

the PPC components give rise to different frequencies at similar altitudes.
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The main pulse radio emission is expected to originate in the outflowing plasma
generated in the inner vacuum gap above the magnetic poles. The plasma consists of
relativistic charged particles with singly charged primary particles 4, ~ 10% and sec-
ondary pair plasma with 7, ~ 10 — 1000. The radio emission at heights of 10-50 R, is
believed to originate as a result of coherent curvature radiation from charged bunches
developing in the secondary pair plasma with characteristic frequency w, ~ 'ygc/ Re,
here R¢ being the radius of curvature of the field lines (Ruderman & Sutherland 1975).
The plasma generated in the inner vacuum gap is nonstationary with overlapping
clouds which lead to two stream instability giving rise to electrostatic langmuir waves
which are modulationally unstable. The linear growth rate for the langmuir waves in
this context have been estimated by Asseo & Melikidze (1998) with the condition for
instability development given as (v,/100)~>%(r/50R,) 13 (P_15/P)"/* > 0.1, where r
is the emission height and P_15 is the period derivative in units of 107 sec /sec. The
nonlinear processes in the plasma generates bunching in the form of solitons from
these electrostatic langmuir waves. The energy distribution of the oppositely charged
e~ e particles in the secondary plasma is anisotropic in order to maintain the force
free condition of screening the corotation electric field. The anisotropy in the particle
distribution leads to charge separation in the solitons which emit curvature radiation
(Melikidze et al. 2000; Gil et al. 2004). The soliton, whose size is larger than the
wavelength of langmuir waves, is unable to radiate at wavelengths shorter than its
longitudinal size and hence the emission frequency in the pulsar frame must be less
than the frequency of plasma waves, i.e w < 2,/Fw, Where w, = (4me*n/m,)* is the
plasma frequency.

In the case of the pre-cursor emission with emission frequencies ranging from 200
MHz to 10 GHz and originating at heights of » = 150 R, we look into the above
mechanism for generating radio waves. The growth of the langmuir waves at these
emission heights only becomes efficient for the lower energy region of the secondary
plasma with v, < 30. The radius of curvature of dipolar field lines at the emission
height may be approximated as Rc ~ 10 r. Hence the frequency of radiation is
given as w ~ 20 ”y;’ while the plasma frequency is estimated to be w, = 8.1 x 108

1

rad s~'. It is clear that the plasma frequency is very low (v, ~ 130 MHz) and
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the radiation is possible for values of =, which is on the higher side of the available
energy distribution of secondary plasma where the growth of the langmuir waves is not
efficient. In addition the inequality condition (w < 2,/%,w,) puts an upper limit on
the maximum 7, < 1100 making high frequency emission in the GHz range unlikely.
The inner vacuum gap with the nonstationary outflowing plasma along dipolar field
lines and the soliton model for coherent radio emission is unlikely to account for the
pre-cursor emission at heights of 150R,.

Another possible location of the pre-cursor emission is the outer magnetosphere
where the cyclotron resonance mechanism for coherent radio emission can be a pos-
sible source of emission (Kazbegi et al. 1991; Lyutikov et al. 1999). In chapter 4 we
have used this mechanism to explain the origin of off-pulse emission from long period
pulsars. However, the mechanism suffers from similar concerns of upper frequency
limits and fine tuning of plasma parameters as the mechanism for curvature radiation
(see chapter 4 for details). This scenario would require explanation of the pulsed na-
ture of the pre-cursor emission in addition to accounting for modifications in the pulse
shape due to kinematic effects like aberration-retardation at these emission heights.

The pre-cursor emission in pulsars is distinct from the main pulse emission, with the
location of the pre-cursor components much higher up in the magnetosphere compared
to the main pulse. It seems likely that the coherent curvature radiation mechanism for
the main pulse is inadequate for explaining their origin. Detailed studies are required
to characterize the nature of the emission including identifying the location of the
pre-cursor within the magnetosphere and also look into possible acceleration regions

and /or emission mechanisms for explaining the pre-cursor emission in pulsars.
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Chapter 6
Conclusion

A large number of models explaining the origin of the main pulse emission in normal
long period pulsars predict the presence of an inner vacuum gap above the polar caps
giving rise to a nonstationary, multi component, relativistic plasma with primary and
secondary particles. The main pulse emission originates in the inner magnetosphere
due to instabilities in the secondary plasma exciting coherent curvature radiation. In
this physical model a natural outcome is the cyclotron resonance instability where
resonant interaction of primary particles with the plasma waves in the secondary
plasma may take place with the possibility of coherent radio emission in the outer
magnetosphere far away from the main pulse. This thesis has been devoted to devising
detection techniques and characterizing radio emission far away from the conventional
main pulse emission in pulsars. In this final chapter we present the primary conclu-
sions of our studies and also briefly discuss the possible limitations of our work and

scope for future extensions.

a. We have demonstrated the technique of ‘Offline-Gating’ using high time resolution
interferometric modes of GMRT. We have also devised several tests which have not
revealed any irregularities in the telescope receiver system which can cause spurious
detections. The gating technique was limited by the time resolution of the interfer-
ometer as a certain number of time bins are required to be accommodated in the

pulsar period for secure gating and high signal to noise detections. The GMRT has
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minimum time resolution around 128 milliseconds which makes these studies possible
for older pulsars with periods > 1.2 seconds. The pulsars used in our studies were
relatively strong and hence our folding techniques were adequate for determining the

on and off-pulse regions.

b. We have used the gating techniques to detect off-pulse emission in five pulsars
B0525+21, B2045-16, B1237+25, B0834+06 and B03204-39. These were the first
secure detections of weak baseline level emission from normal long period pulsars,
to the best of our knowledge. The observations were carried out at two different
frequencies 325 MHz and 610 MHz and in case of certain pulsars were repeated at
multiple epochs. We established the off-pulse emission to be magnetospheric in origin
by determining upper limits on their location from scintillation studies. This further
enabled us to determine the brightness temperatures of the off-pulse emission which
turned out to be very high, Ty > 10'® K, which suggest the off-pulse emission to
be coherent in nature. The spectra of the off-pulse emission turned out to be steep
and comparable to the main pulse emission for the longer period pulsars (B0525+21,
B2045-16 and B0320+39) however the spectra showed signs of flattening (B0834+-06)
and also turning over (B1237+425) for the shorter period pulsars. We failed to de-
tect off-pulse emission at either 325 MHz or 610 MHz frequency bands for the pulsar
J2144-3933, which was the longest period pulsar in our sample. Our studies at present
can be best summarized as preliminary detections where we have achieved a glancing
understanding of the nature of off-pulse emission. Future studies need to focus on
extending the sample size of pulsars studied; carrying out a phase resolved study
of the off-pulse emission by implementing bin by bin imaging to uncover temporal
structures in off-pulse; uncovering polarization characteristics, spectral behaviour of
off-pulse emission over a wider frequency range, etc, before inducing serious conclu-
sions about the detailed nature of off-pulse emission and their implications on the

physical characteristics of pulsars.

c. The radio emission originates in the outflowing plasma along the open dipolar

field lines. The main pulse emission occupies a small part of the pulsar profile and
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originates in the inner magnetosphere. The off-pulse emission on the other hand is
presumably spread over a large part of the profile and located far away from the
main pulse indicating their origin in the outer magnetosphere with wider opening
angle of the dipolar field lines. The cyclotron resonance instability developing in the
outer magnetosphere near the light cylinder is the only known source of coherent
radio emission at these heights. The instability develops when the primary particles
gyrating around the magnetic field lines resonate with the naturally occurring elec-
tromagnetic modes in the lower energy regime of the secondary pair plasma, resulting
in the amplification of these plasma waves which detach at the plasma boundary and
is emitted. We have investigated the growth rate and damping frequency limit of the
instability condition in the wider pulsar population and based on the detection limit
of present day telescopes have identified a subsample of ~ 200 pulsars with detectable
radio emission including the five pulsars in our sample. However, our studies yielded
preliminary estimates with a broad overview of the emission. We need to exhaust
the observational features of the off-pulse emission followed by detailed modelling,
which include the modification of emission properties due to kinematical effects at
the emission altitudes, before we can extend our studies to individual pulsars and test

the efficacy of this mechanism.

d. The pre/post-cursor emission seen in a handful of pulsars is a pulsed emission
component lying far away from the main pulse. We have investigated four pulsars
B1822-09, B2224+65, B0943+10 and B1322+83 with signatures of pre/post-cursor
emission components within the purview of the established geometrical picture. Our
studies reveal that the post-cursor component in B2224+65 resembles an outer conal
emission. The pre-cursor component in B1822-09, B1322+4-83 and B0943+10 seem to
be distinct from the main pulse with their emission heights much higher up in the
pulsar magnetosphere compared to the main pulse. In addition the pre-cursor do not
show signatures of frequency evolution resembling the core or inner cone and quite
unlike the outer conal emission. It seems likely that the coherent curvature radia-
tion mechanism for the main pulse is inadequate for explaining their origin. Detailed

studies are required to characterize the nature of the emission including identifying
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the location of the pre-cursor within the magnetosphere and also look into possible
acceleration regions and/or emission mechanisms for explaining the pre-cursor emis-

sion in pulsars.

In this thesis we have studied radio emission which originate far away from the
main pulse emission in the pulsar profiles as off-pulse and pre-cursor emission. In the
standard geometrical picture of pulsars we have demonstrated these emission compo-
nents to originate higher up the pulsar magnetosphere. We have explored cyclotron
resonance mechanism originating in the outer magnetosphere which is consistent with
the off-pulse emission and may also be the source of pre-cursors. The radio emission
seem to encompass two distinct regimes in pulsars, the conventional main pulse emis-
sion originating in the inner magnetosphere and the distinct class of off-pulse emission

and pre-cursors which originate much higher up in the outer magnetosphere.
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Appendix A
Images for off-pulse emission

In this appendix we present all the remaining images of the on and off-pulse emission
for the five pulsars observed during our studies as mentioned in table 3.2. We also

present the short time interval images used in 3.3.2.
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Figure A.3 The figure show the contour maps for the off-pulse emission for short
time intervals 35-40 minutes each. The observations were carried out for the pulsar

B0525+21 on 8 July, 2011 at the 325 MHz frequency band.
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Figure A.4 The figure show the contour maps for the on-pulse emission of B0525+421
at short time intervals 25-30 minutes each. The observations were carried out on 15"
February, 2011 at the 610 MHz frequency band. The rest of the figures are shown in
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Figure A.5 Continued from previous page. The figure show the contour maps for
the on-pulse emission of B0525+4-21 at short time intervals 25-30 minutes each. The
observations were carried out on 15 February, 2011 at the 610 MHz frequency band.
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Figure A.7 The figure show the contour maps of the on-pulse (left panel) and off-pulse
(right panel) detections for the pulsar B2045-16. The top panel show the detections
for the observations on 16" January, 2010 at 325 MHz. The bottom panel show the
detections for the observations on 14" February, 2011 at 610 MHz.
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Figure A.8 The figure show the

B2045-16 at short time intervals 40-45 minutes each . The observations were carried

contour maps for the on-pulse emission of the pulsar
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Figure A.9 The figure show the contour maps for the Off-pulse emission of the pulsar
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Figure A.10 The figure show the contour maps for the on-pulse emission of the pulsar

B2045-16 at short time intervals 40-45 minutes each. The observations were carried

out on 14" February, 2011 at the 610 MHz frequency band.
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Figure A.11 The figure show the contour maps of off-pulse emission for the pulsar

B2045-16 at short time intervals 40-45 minutes each. The observations were carried

out on 14" February, 2011 at the 610 MHz frequency band. The off-pulse is only

detected in the last image (see section 3.3.2 for detail).
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out on 25" August, 2011 at the 610 MHz frequency band.
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Figure A.13 The figure show the contour maps for the on-pulse (top panel) and off-
pulse (middle and bottom panel) of the pulsar B2045-16 at short time intervals of

20-25 minutes each for on-pulse and 40-45 mins for off-pulse. The observations were
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Figure A.14 The figure show the contour maps for the on-pulse emission of the pulsar

B1237+25 at short time intervals 40-45 minutes each. The observations were carried

out on 13" August, 2011 at the 610 MHz frequency band.
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Figure A.15 Continued from last page. The figure show the contour maps for the
on-pulse emission of the pulsar B12374-25 at short time intervals 40-45 minutes each.
The observations were carried out on 13" August, 2011 at the 610 MHz frequency
band.

116



245500

PSR B1237+25 freq = 610 MHz Off-pulse: interval 1

123944 42 40 38
RIGHT ASCENSION (J2000)

Cont. Levs =0.22 mJy (-5, -3, 3, 6, 9, 12, 15, 19)

PSR B1237+25 freq = 610 MHz Off-pulse: interval 3

42 40
RIGHT ASCENSION (J2000)
Cont. Levs =0.22 mJy (-5,-3, 3,5, 7,9, 11)

24 55 00

PSR B1237+25 freq = 610 MHz Off-pulse: interval 2

I I I v = I > N - v I I I,
. .
¢ o <Q
5445 (— 0 : - 5445 — o |
o
30— o . — 30— —
(?3 a o - 9
[
= 15— © v 4 o s 15— ' ~ o
(=3 o ) 3
g o g *
S 9 S SN
z 00 — z 00— N 3 [} _ - —
g Q ) g VI a Y]
3 s34 — g3 s P - . —
o - . o % M N
o S} =) ) N 1
<) )
30 — 30 — - N . : -
' v o o
- G B
15— [l . o — 15— ’ Il —
o« -
cg 0 _ ‘ [N
PR . L o
oo@ N = 0= ) . —
. O N
0 "
| | | i | | @ | | | AL |

123944 42 40 38
RIGHT ASCENSION (J2000)

Cont. Levs =0.21 mJy (-5, -3, 3,7, 11, 16, 21)

PSR B1237+25 freq = 610 MHz Off-pulse: interval 4

24,5500 T i i — i 2455 00 i i i —= i
- PN o
s .
[ co ! i
5445~ A - 5445 | p _
Q o vg ° o
3 30 o o ° °
0 — - — o —
o = /4
4 s
e o
s 15 - 5 15 ° o > ) 4
g 0 o g
S o ° S ° g v
g 00 - F 00 o =
= na =
< O o <
z z .
S s34 — 2 5345 —
9] 9] Q
=3 -
a8 . 0 B & o o g ©
30 B LI - 30 ' - -
Q O o @)
O& d o
15— Lo T — 15— v —
v N °
00 = 0 N — 00 —
o] . : ]
| [~ | | ¢ | | | | | |
123944 38 36 123944 36

42 40 38
RIGHT ASCENSION (J2000)
Cont. Levs =0.25 mJy (-5, -3, 3, 9, 15, 24, 32)

Figure A.16 The figure show the contour maps for the off-pulse emission of the pulsar
B1237+25 at short time intervals 40-45 minutes each. The observations were carried

out on 13" August, 2011 at the 610 MHz frequency band.
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Figure A.17 Continued from last page. The figure show the contour maps for the
off-pulse emission of the pulsar B1237+425 at short time intervals 40-45 minutes each.
The observations were carried out on 13" August, 2011 at the 610 MHz frequency
band.
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Figure A.18 The figure show the contour maps for the on-pulse emission of the pulsar

B0834+06 at short time intervals 40-45 minutes each. The observations were carried
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out on 27" August, 2011 at the 610 MHz frequency band.
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Figure A.19 Continued from last page. The figure show the contour maps for the On-
pulse emission of the pulsar B0834+4-06 at short time intervals 40-45 minutes each.
The observations were carried out on 27" August, 2011 at the 610 MHz frequency
band.
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Figure A.20 The figure show the contour maps for the Off-pulse emission of the pulsar

B0834+06 at short time intervals 40-45 minutes each. The observations were carried

out on 27" August, 2011 at the 610 MHz frequency band.
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Figure A.21 Continued from last page. The figure show the contour maps for the
off-pulse emission of the pulsar B0834+4-06 at short time intervals 40-45 minutes each.
The observations were carried out on 27" August, 2011 at the 610 MHz frequency
band.
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