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Abstract

Periodic sub-pulse modulation in pulsars, where intensity of sub-pulses modulate periodically, is still
an unexplained phenomenon. Its evolution needs to be studied to understand characteristics of periodic
pulse modulations and associated features like nulling, drifting, etc., observed in a large sample of
pulsars. We explore the pulse and single-pulse observations of the pulsar PSR J1825-0935 obtained
using the Murchison Widefield Array (MWA) with a central frequency of 184.96 MHz. Our analysis
of these unprecedented high sensitivity observations at these frequencies reveal the low frequency
behavior of the single-pulse periodic intensity modulations from PSR J1825-0935 . In future, we plan
to examine this behavior at different epochs and correlate with the physical parameters of the pulsar

to shed light on its emission mechanism, especially at low frequencies.
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Chapter 1

Introduction

1.1 Neutron stars and Pulsars

Neutron stars are stellar remnants formed from supernovae explosion following
the collapse of a main-sequence star after it stops nuclear fusion at its
core. Stars having masses around 8 to 20 My generally form neutron stars,
less than that mass white dwarfs are formed, and greater than that black
holes are believed to be formed. Basic idea is that when a star fuses all
the way to form iron, it has the highest binding energy at low pressure.
Any further fission or fusion requires energy input which is not favourable.
When the core mass is beyond 1.4 Mg, the electron degeneracy is overcome
by gravity, so it energetically facilitates the production of neutrons and
neutrinos from coalescing of protons and electrons. These neutrinos scatter
and escape. Thus helping supernova happen, leaving a remnant where the

neutron degeneracy is balancing the inward gravity force.

This collapse leaves behind the most dense objects with densities reaching
order of nuclear densities and beyond that. They generally have a mass
around 1.4 Mg, and a radius of 10 km, with strong magnetic field from about
10* to 10! Tesla (as a result of flux conservation during stellar collapse).
Due to conservation of angular momentum, decrease in size of star results

in an increase of rotation speed.

Pulsars are a special class of neutron stars. They spin very quickly,

with the spin periods ranging from milliseconds to seconds. Their high



magnetic fields (108 to 10° Tesla) in presence of high rotation speeds leads
to production of radio waves from its poles (as discussed in further sections)
in a beamed fashion almost like a flash light. Since these objects were
normal stars once upon a time, they are present throughout the galaxy. In
order to observe these pulsars, proper orientation of pulsars towards earth is
necessary. Depending on the orientation of the pulsars towards Earth, the
pulse emission mechanism, and the misalignment of rotation and magnetic

axis a variety of pulse profiles can be observed.

1.1.1 Pulsar discovery and basic properties

Pulsars were serpenditiously discovered in 1967 during a low frequency
survey (81 MHz) of extra-galactic radio sources. Over the years as technology
and computation power became more advanced, optimal match filtering
techniques allowed astronomers to obtain unaltered origin signals. Surrounding
terrestrial equipment such as radars, electric cattle fence, transmission lines
etc. showed up as pulses to the astronomers. Another point is that pulses
from astronomical distances imply that source must be having very high
brightness temperature around 10%® K which is far greater than 10'?> K
(limiting brightness temperature of any incoherent emission process such
as electron Synchrotron radiation). Nevertheless, a graduate student from
Cambridge University, Jocelyn Bell, noticed pulses in her scintillation survey
data because they appeared by about 4 minutes every solar day and exactly
once per sidereal day. Thus it was concluded that signal was from outside

solar system.

The electromagnetic waves emitted by pulsars is generated at the cost of
its rotational energy. Considering these pulsars as rotating magnetic dipoles
which are known to lose energy in the form of radiation. Because of losing
energy via radiation they slow down and this is called ‘Spin-down’. By
equating power of magnetic dipole radiation with loss in rotational kinetic

energy, we get
2 .04 o ain?
s g .:2/3*m3 * QF * sin“a

c3
where E is the loss in rotational kinetic energy, Q is angular velocity, Q
represents angular acceleration, « represents the angle between magnetic

axis and rotation axis, and ¢ represents speed of light.
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Figure 1.1: Model of rotating neutron star [9].

By proper arrangement of terms, we obtain an expression for spin

evolution with time:

Qo —Q3 ~ Q"

where n is the braking index. For a magnetic dipole radiation, n = 3.
Hence, the spin frequency evolution of the pulsar is highly dependent on
the value of spin frequency. The spin frequency evolution also predicts the
evolution of spin period. Under certain assumptions, we can also predict the

‘characteristic age’ of pulsar (characteristic age is the age of pulsar calculated



assuming that spin evolution was constant with time).

1 P
Age = ———
ge n-1p

As spin-down is related to magnetic field (B), it can be predicted from the

observations of the period (P) and period derivative (P) in the following

manner [10].
B 331
 8I12RSsin2a

where B represents dipolar magnetic field at surface of neutron star, R is

PP

radius of the pulsar, and / is moment of inertia of the pulsar.

1.1.2 Observing pulsars

Pulsars emit mostly in low frequency radio regime around 400 MHz.
These radio waves, on their way through the interstellar medium to earth,
suffer some propagation effects. One of the major effects of propagation is:

Dispersion.

Dispersion involves radio waves interacting with the electrons in interstellar
medium (ISM), where low frequency waves are delayed and high frequency

waves arrive earlier. This effect is illustrated in Figure 1.2.

The pulses at different frequencies are delayed depending on the plasma
frequency of the electrons in ISM, which is directly proportional to square
root of ISM electron density. This effect smears out the original folded
pulse and hence this dispersion effect needs to be compensated for to get
the original unaltered signal. This process is called "de-dispersion". In this
process while recording the pulse profile, the pulses at different frequencies
are corrected for the dispersion delay before summing up the signals from all
the frequency channels. If the pulse profiles are not de-dispersed, we might
obtain blurred and smeared pulse, and in certain cases even no pulse is
detected. Mathematically, the ‘time delay’ in milliseconds due to dispersion

effects is given by :
delay = 4.15 X 10° X [Viow ™2 = Vyign 2] X DM

where constant DM represents dispersion measure in units of pc cm™3, v;,,,

and vy, represents high frequency and low frequency in MHz [10].

4
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Figure 1.2: The dispersion effect to progressive delay in pulses at different

frequencies [9].

1.1.3 Motivation

Pulsars are primary ways to detect neutron stars and offer a handy tool

to probe various exotic physics associated with them.

To probe physics of ultra-strong magnetic fields

For studying the super-dense matter present at the neutron star core

To probe Inter-stellar Medium

* To map precise timing evolution especially for gravitational wave

detection purposes



* Gravitational physics in the strong field regime
* To study plasma physics in extreme conditions

1.1.4 Emission Mechanism

Classical rotation-powered pulsars having high magnetic fields (10'> —
10'3 G) can be represented as rotating magnetic dipoles. The pulsar surface
magnetic field is non-aligned with the rotational axis resulting in an emission
similar to a rotating magnetic dipole. There are open field lines near the
magnetic pole which are the magnetic field lines that originate on neutron
star and end up at infinity and there are closed field lines which originate
and end on the neutron stars itself. The field lines co-rotate with the neutron
star till the point where the rotational speed of the lines equals the speed of
light. This point where the rotational speed of the field lines reach speed of
light is given by the light cylinder radius. The movement of electrons along
the curved field lines results in the emission of curvature radiation which is
highly polarised in plane of curvature. Near the surface, a strong electrostatic
field is formed which accelerates the particles in the pulsar magnetosphere to
ultra-relativistic energies, that results in a highly coherent beamed radiation
along magnetic axis. The actual emission scenario, however, is highly
complex and is crucially governed by the emission region physics and various

second-order effects.

1.1.5 Emission properties

The pulses that we receive on earth from pulsars is due to lighthouse
effect of emission beam which sweeps our line of sight once per rotation
due to the misalignment of the pulsar’s rotation and magnetic axis. The
integrated pulse profile can be obtained after summing several hundreds to
thousands of pulsar rotations. These profile might change with epoch and
they might have several components within the pulse (Figure 1.3) depending
on emission mechanism and pulsars orientation with respect to the observer.
These pulse profiles can also be highly frequency-dependent as guided by
pulsar emission spectrum. Here we focus mainly on studying the features
within the individual pulses [9], the motivation and detailed background of

which will be discussed in the following sections.
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Figure 1.3: A sample of pulse profiles showcasing their varying nature and
complex structure between different sources (a, b, c, d, f, h). The time
evolution of the profile can also be observed often for the same pulsar as

shown by e, g, and h [9].

Based on the observed pulse shapes, two phenomenological models were
introduced to explain the observed pulse shapes and sub-pulse variations.
Firstly, the ‘cone and core’ model which depicts the pulsar emission beam to
be composed of a core surrounded by nested cones (left panel of Figure 1.4).
The alternative is the ‘Patchy beam’ model which assumes the pulsar beam to
comprise randomly distributed emitting regions (right panel of Figure 1.4).
Further work is required to get a better understanding of shape and evolution
of the emission beams. The pulse shape also depends on line of sight (LoS)

of the observer with respect to the pulse beam.

1.1.6 Within these pulses

If the signal-to-noise ratio of the pulse signal is sufficient, we can obtain
microstructures of each individual pulses. On investigating the individual
pulses - single pulses - various features like nulling, sub-pulse drifting
amplitude modulation can be observed each of which reveal information

about the pulsar emission intricacies.
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Figure 1.4: Emission models

1.1.6.1 Nulling

[16] first noticed the ‘nulling’ behaviour in pulsars. Nulling is the sudden
absence of pulse in the observed pulse train from a pulsar. This nulling
behaviour varies from pulsar to pulsar. [18] presented a correlation between
nulling and age of pulsars. [17] later found some evidence showing inverse
correlation between nulling fraction and pulse period. These evidences
indirectly showed the weakening of emission process as the pulsar reaches

the end of its active lifetime as pulsar.

1.1.6.2 Drifting subpulses

Sub-pulses are the pulses in a pulse train which on averaging produce the
pulse profile. In some cases it was seen that these sub-pulses do not appear at
the same phase over time i.e., these sub-pulses tend to drift. An explanation
of this phenomenon was given by [19] where they estimated that sub-pulses
are produced due to a rotating carousel of sub-beams (‘sparks’) with the
hollow cone emission meet our line of sight. However, drift characteristics
and its relation with the pulsar properties are not completely understood till

date.

1.1.6.3 Periodic Amplitude Modulations

The presence of additional periodic behaviors were seen in fluctuation
spectra which include periodic nulling and periodic amplitude modulation [3,
15, 20, 32]. Certain pulsars with low frequency emission show low frequency
modulation in intensity of the pulses where core component also participates

[25]. This behavior is known as periodic amplitude modulation. Periodic
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features in fluctuation spectra can be identified as periodic modulation.
Periodic amplitude modulation is seen in core as well as cone components
[24].

The mechanism behind periodic modulations is still unknown, but is
proposed to be distinctly different from subpulse drifting. These periodic
amplitude modulations cannot be explained by PSG (Partial screen gap)
model [35, 36], which explains the subpulse drifting phenomena. Such
phenomenon is hypothesized to originate from temporal variations in the
charge distribution or plasma flow in the pulsar magnetosphere. By recent
studies it appears that, periodic amplitude modulation is also seen in interpulses
observed from certain pulsars [3], implying modulation at both poles.
The main pulse and interpulse seemed to show phase-lock between their
modulation patterns and correlated behavior between sections of main pulse
and interpulse, which suggests that there might be information transfer
globally across the whole magnetosphere. Till now such periodic amplitude
modulation is observed in about 29 pulsars and is observed to show wide
time-variation and frequency dependence, that cannot yet be precisely modelled
[20]. Further temporal and multi-frequency observations and modelling
need to be carried to precisely infer the origin of periodic amplitude modulation.
In our research, we carried out the low frequency study of these phenomena if
they are present in the PSR J1825-0935 . No study of these phenomena at this
low frequency from this pulsar was done earlier owing to lack of sensitivity,
time resolution at these frequencies. But presently, with new highly sensitive
current and upcoming telescopes, such as MWA (Murchison Widefield
Array) - an SKA (Square Kilometer Array) precursor, this phenomenon

can be studied at low frequencies at high sensitivity.

Next we discuss the distinction between various periodic modulations.
Correlation of spin-down luminosity with drifting and non-drifting sub-
pulses was observed by [20]. Among the 57 pulsars showing observed
periodic features in sub-pulses, pulsars with E < 2 x 10°2 erg s~! showed
sub pulse drifting and pulsars with E > 2x 102 erg s~! showed non-drifting
amplitude modulation [20]. Whereas the correlation between variation in
spin-down rate and amplitude variation ratio was observed to be maintained

over different epochs of time i.e., over a long timescale (~ 10 yr) [1, 21].



Detailed classification of sub-pulse drifting was carried out by [15].
Equivalent study on other periodic modulation process was done by [3].
Various characteristics of drifting sub pulses and periodic amplitude modulation

are presented and compared in Figure 1.5.

Subpulse Drifting Periodic Modulations
Profile Component (i) Only seen in conal components. (i) Simultaneously seen in central core and cones.
(ii) Different phase variations for different components. (ii) longitude stationary, similar across all components.

Spindown Energy (i) Seen in pulsars with E <5x10%2 erg s7L (i) Seen in pulsars with wide E distribution.

(ii) Ps weakly anti-correlated with E. (i) Pas ~ 10-200P, no dependence of Py on E.

Origin (i) Localised in Inner Acceleration Region. (i) Seen in both poles of pulsars with interpulse emission.
(ii) Associated with sparking process of plasma generation.  (ii) Largescale variations affecting pulsar magnetosphere.

Figure 1.5: Comparison of periodic characteristics of radio pulsars [3].

The dependence of modulation periodicity (Py) on radiated power (E)

was estimated to be as shown in Figure 1.6 [3]. The Figure 1.6 consists

Py Vs E
1000 Per.Dr\TtEtl'l —e—
— T Amp. Mod
0 . Ind. Mod ——=—
A2 i ¢ 1
g 100 1 : ﬂ] % % ;
c b Tagkelds %
< Ls. s 0l 515
= 10} . #Tfe . = ]
o 5 ‘.';E_
fUte Ry Lh
1 _:IIC)\BO\ ] 1 |1l | | 11632I | ] ] | | 11634\ | | [
E(ergs )

Figure 1.6: Distribution of modulation periodicity with spin-down energy

E for various pulsars [3].

of three categories of pulsars exhibiting different periodic modulations.
Pulsars showing periodic nulling are represented by ‘black open circles’,
pulsars showing amplitude modulations are represented by ‘blue rhombus’

and those displaying intermediate modulations (requiring high sensitivity)
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25 |

are represented by ‘green square’ and the fourth category - drifting sub-pulses
are represented by ‘red filled circles’. Distribution of these categories in the
plot gives the distinction between drifting sub-pulses and the other periodic
modulations with the former three categories pulsars being superimposed in

terms of distribution.

Distribution of Periodicity Distribution of Spindown Energy
" Per. Mod. —— T T T T T Per Mod. ——
Drift. Drift.

25

10 100 1000 100 100
Py (in units P) E (ergs™)
Figure 1.7: The left panel shows distribution of modulation periodicity in

units of the pulsar period P and right panel distribution of spin-down energy

for drifting and other sub-pulse modulations [3].

The differences between the distribution of the physical parameters
for the sub-pulse drifting and the other periodic modulations are clearly
demonstrated by the plots in Figure 1.7. The periodic modulations have
periodicities ranging from 10 — 200P (where P is the period of pulsar) with
peak around 50P, whereas drifting ones showed periodicity of 20P, with
distribution peaking around 5P. The drifting sub-pulses in E distribution
reaches maximum value around 3 x 103! erg s~!, with peak value around 2 x
10°2 erg s~!, whereas periodic modulations seem to show wider distribution

of E, ranging from 10°' to 103 erg s~!.

11

10% 103 10%#



Chapter 2

Murchison Widefield Array
(MWA)

Figure 2.1: Array of dipole antennas- MWA [8].

The Murchison Widefield Array (MWA) is an international low frequency
telescope located at mid-west Australia. Itis about 200 km from the coastline,
with extremely low levels of radio frequency interference (RFI). This array
consists of 4096 dipole antennas (Figure 2.1) to facilitate the detection in low
frequency regime of 70-300 MHz. This telescope array has been identified

as one of the SKA (Square Kilometre Array) precursors. This array has got

12



no moving parts and for pointing any location in sky electronic manipulation
of dipole signals is performed. These antennas are arranged in 256 regular
grids covering several kilometers. The data obtained from these antennas
is correlated onsite before being sent to a long term storage facility called
‘Pawsey Supercomputing centre’. The pulsar data is captured in the VCS
(Voltage Capture System) mode, which is a functionality to capture raw
voltages streaming into the correlator, from all 128 tiles, at 100 us, 10 kHz
resolutions, over a bandwidth of 30.72 MHz. This gives an aggregate data
rate of roughly 28 TB per hour. Its backend is an online platform - MWA
node of all sky virtual observatory (MWA-ASVO) [8].

MWA was initially formulated as 512 tiles instrument to be built in
several stages. The first stage was completed in late 2012, and it was
commissioned in mid 2013, which consisted of only 128 phased tiles where
each tile consisted of 16 crossed dipoles arranged in a 4 X 4 square. The
commencement of phase 2 was in 2017 and commissioned in August 2018.
Enhancement of the instrument was performed in phase 2 where sensitivity
of the instrument was raised by a factor 10. Further detail of MWA is

summarized in Figure 2.2.

MWA majorly contributes in four science themes namely study of Galactic
and extra-galactic processes, detection of fluctuations in brightness of hydrogen
21 cm line from the epoch of reionisation (EoR), study of time domain
astrophysics through the radio sky (transients) and study of solar heliosphere
and Ionosphere by imaging the propagation effects on background radio

sources.

2.1 Role of MWA in pulsars study

As MWA is a low frequency observatory, we can take advantage of the
steep spectrum of pulsars to obtain data with enhanced sensitivity. Its high
sensitivity enables us to study especially various single pulse studies such as
pulse nulling, sub-pulse drifting, mode switching which are more prominent
at low frequencies. None of the available telescopes observe pulsars at
such low frequencies with the required sensitivity which will let us get

better understanding of mysterious emission mechanisms in pulsars. This
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Property Description

Frequency Range 70-300 MHz
Number of receptors 2048 dual-polarization dipoles
Number of antenna tiles 128
Number of baselines 8128
Collecting area Approx. 2000 sq. meters
Field of view Approx. 15-50 deg. (200-2500 sq. deg.)
Instantaneous bandwidth 30.72 MHz
Spectral resolution 20 kHz
Temporal resolution 0.5 seconds
Polarization Full Stokes (1,Q,U,V)
« Phasel

o 50 antenna tiles within 100 meters of array centre
o 62 antenna tiles between 100 and 750 meters
o 16 antenna tiles at 1500 meters

+ Phase lla (Hex/Compact)
Array configuration o 128 antenna tiles within 300m

« Phase lIb (Long Baselines/Extended)
o 42 antenna tiles within 500 meters

o 32 antenna tiles between 500 and 1000 meters

o 54 antenna tiles over 2500m meters

Figure 2.2: MWA configuration [8]

sensitivity also facilitates the study of pulsars in globular clusters and also
let us observe the giant pulses (which was rarely observed due to limitations

to pulsar observing and data processing techniques).
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Chapter 3
Source and observation

3.1 Source

The selected source for this project using MWA is the pulsar PSR J1825-
0935. It is a young pulsar with age of 233,000 years with a rotation period
(P) of 769 ms, P of 5.233 x 10~'*ss~!, DM (dispersion measure) of 19.38
pc/cm?, magnetic field of 6.42 x 10'> G [6].
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Figure 3.1: Mean pulse profile of PSR J1825-0935 [1].

The mean pulse profile of this pulsar has been observed to exhibit 3

components namely: main pulse (MP), interpulse (IP) and a precursor (PC)

15



as shown in Figure 3.1 [1]. The PC precedes MP by about 14.5° of pulse
phase and the IP leads PC by about 159°. The pulsar exhibits three interesting
features simultaneously: mode changing, PC and IP anti-correlation and
periodic amplitude modulation. Mode changing refers to pulsar switching
between two or more emission states in abrupt fashion.This pulsar has two
modes namely: radio bright mode (B-mode) and radio quiet mode (Q-
mode). Presence of strong PC component is considered as B- mode and
strong IP component is considered as Q - mode (as IP and PC are anti-
correlated) [1]. [27] reported about made changing for every 5 minutes .
While with 8 hours observation, [28] reported mode changing for about 7.6
minutes. From longer multi-frequency observations made by three different
radio telescopes, [29] reported mode changing for every 3.5 minutes. [30]

reported the correlation between modes and spin down rate changes in PSR
J1825-0935 .

[28] found presence of sub pulse drifting and periodic amplitude modulation
in both modes of PSR J1825-0935 , which was the study done at 325 MHz.
[1] reported the presence of periodic amplitude modulation and absence
of sub-pulse drifting using Parkes 64-m radio telescope at 1.4 GHz. The
period of the periodic amplitude modulation was found to be similar at both
frequencies (43P in radio quiet mode), where P is the rotation period of the

pulsar.

In this project, we focus on the periodic amplitude modulation aspect
at low frequency i.e., 184.96 MHz. This was the first time this source was
observed at such a low frequency with this high sensitivity, thereby providing
a golden opportunity to perform single-pulse studies of PSR J1825-0935 at
low frequencies. The data used for this work was taken on 9th June, 2020
and 19th June, 2020 using MWA under a proposal (PI: Parul Janagal) to
observe single pulse behavior from sample of pulsars exhibiting interesting

single pulse features. The details of the observation are as follows:
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Project ID G0071
Observation date 09/06/2020
Observation start time 17:27:27
Observation duration 2693.208 s
RA (deg) 276.37745833333
DEC (deg) -9.589222222
Azimuth (deg) 358.5844
Zenith (deg) 17.13143
Central freq (MHz) 184.96
Low channel (MHz) 169.604995
High channel (MHz) 200.315002
Total Bandwidth (MHz) 30.7200671
Number of channels 3072

Table 3.1: Details of the MWA observation of PSR J1825-0935 used for
single-pulse analysis(Epoch I).

Project ID G0071
Observation date 19/06/2020
Observation start time 16:30:00
Observation duration 2693.208 s
RA (deg) 276.37745833333
DEC (deg) -9.589222222
Azimuth (deg) 13.60049
Zenith (deg) 17.56601
Central freq (MHz) 184.96
Low channel (MHz) 169.604995
High channel (MHz) 200.315002
Total Bandwidth (MHz) 30.7200671
Number of channels 3072

Table 3.2: Details of the MWA observation of PSR J1825-0935 used for
single-pulse analysis(Epoch II).
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Chapter 4

Methodology and Results

Since MWA is a set of dipole antennas, the whole array is essentially
looking at the whole sky at any given instance. The calibration solutions are
calculated after the observation and the data is calibrated and beamformed,
using a set of robust pipelines. The beamformed data is then converted to
the PSRFITS format, which can also be converted to the filterbank format.
These filterbank files contains all the information across phases and channels.
For studying any pulsar, in the first step, we need to get its integrated pulse
profile. Getting the integrated pulse profile involves taking the filterbank
data, RFI (radio-frequency interference) removal, de-dispersing, Fourier
transforming, binary delay correction, candidate selection, and pulse folding
as depicted in Figure 4.1. Multiple software packages were developed to
automate this process to obtain the best signal-to-noise ratio and to cater the

various scientific needs.

4.1 PRESTO

One of such software packages is PRESTO developed by Scott Ransom
[11]. Here we observed the pulsar PSR J1825-0935 in the low frequency
regime in 185 MHz band using Murchison Widefield Array and obtained
the corresponding data as described in the previous section. We worked
with 2600s of the MWA data of this pulsar and performed the generation
of the pulse profile using PRESTO. Using PRESTO the profile from the
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Resample |
- - - - time series
Have an idea, devise survey, write observing|
proposal, get observing time and collect data Yes
\_, Multi—channel De—disperse Acceleration FFT and FFT and
search data.... and barycentre search? No |harmonic sums harmonic sums
Yes No
No | Another DM? Single—pulse FFA Examine Another
analysis spectrum acceleration?| Yes
? No
Examine all candidates Save any Save any Save any Save any
at best P and DM candidates candidates candidates candidates

Figure 4.1: Flow chart of data flow for obtaining pulsar candidates [9].

entire data could not be generated possibly due to computational limitations.
We generated the pulse profile from 200 s chunks of the observations time.
One such pulse profile of PSR J1825-0935 is depicted in Figure 4.2. We
obtained the dispersion measure and pulse period values as 19.38 pc/cm?
and 0.769 seconds respectively which were consistent with the values in the
literature for this pulsar. Hints of the interpulse could be observed in the
average profile plot (top-left corner), however the strength was too weak to

comment any further on the presence of an interpulse at this stage.

2 Pulses of Best Profile Search Information
Condidate: PSR_J1825-0035 RA 2000 = 18:25:30.5900 DEC pogp = —08:35:21.2000
Telescope: MWA128T Best FTt Parameters
Epoch,,., = 50112.45000740741 DOF,, = 121.88 X', = 4.215_P(Noise) < 1.62e—51 (15.10]
Epochya,, = 59112.46153111589  Dispersion Meosure N em®) = 19.332

- Piope (M=) = 789.101(21) Poory (M=) = 769.028(21)

Dotd Folded = 1920000 P (8/s) = 0.0(8.3)x10~7 Py (8/8), = 0.0(8-3)x107
Data Avg - 3.916e+05 PJ;'. (s/5%) = 0.0(2.8)x10"%  PIoY (a/e%) = 0.0(2.B)x107%
Data StdDey = 2222 Binary Parameters
Profiie Bins = 128 Pog (3) = N/A e = N/A
P Avg = 5.8590+09 of@in(/c (8) = N/A @ (rod) = N/A
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Figure 4.2: Folded pulse profile plot of PSR J1825-0935 for 200 s

observation time generated using PRESTO
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4.2 DSPSR

For more detailed and advanced (single-pulse) analysis, the data reduction
was then performed using the DSPSR package [12] to de-disperse and
produce single-pulse integrations which were recorded using PSRFITS data
format [13] with 512 phase bins per rotation period. The pulsar’s ephemeris
was taken from ATNF Pulsar Catalogue v 1.64 [6] and we obtained different
parameters such as various polarisation (I, Q, U, V) frequency, time etc i.e,
a multidimensional data as shown in the Figure 4.3 which was saved in the

output files for further analysis.

[ each point in slab is a pulse profile

time

frequency Q

Figure 4.3: Format of data in DSPSR [14]

We further reduce this data into a three-dimensional format which
contains information about the profile of each single pulse (pulse number,
intensity, phase) by compressing the data over the polarization and the
frequency axes and generated the single-pulse profiles. They were further

converted into the ASCII format.

Using the data obtained using the aforementioned procedure, we carried
out an investigation of the single pulse profiles especially with aim of

studying amplitude modulation of the single pulse train.

For this goal, the ASCII data was handled using Python v2.7 and
algorithms were developed to obtain the single-pulse parameters like pulse
energy and the phase-dependent pulse modulation index. For a consistency

check, we first created the averaged pulse profile combining the data from
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the entire 3500 s and 6500 s exposure time for 2 epochs respectively.

4.3 Binning

Binning is a way to handle noisy data, or it is used to smoothen data. This
method consults the neighborhood of values and performs local smoothing.

There are three ways to approach binning/smoothing:

1. Smoothing by bin means

2. Smoothing by bin median value

3. Smoothing by bin boundary

Here we adopt binning by means method to reduce noise content in our data.
Care needs to be taken while binning data, as over- binning might remove
or reduce even the signal content and under-binning might contain relatively
fair amount of noise in data. Here in our work, based on the length of
time series, we calculated and plotted pulse energy vs pulse number graphs

binning at different numbers as mentioned in pulse energy section of report.

4.4 Pulse profile

Pulse profile basically gives the information about the pulsars in the form
of EM wave emission. Integrated pulse profile is obtained when the whole
observed pulse profile is folded upon itself at the particular period of the
pulsar. This period can be obtained by the calculating the Fourier transform
of the observed time series after various time corrections. The integrated
pulse profiles of the PSR J1825-0935 was obtained for 2 epochs with pulse
numbers 3500 and 6500 respectively. They are shown in Figure 4.4 and
Figure 4.5. A slight variation in the profile morphology can be observed

between the averaged pulse profile of epoch I to epoch II.
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Figure 4.4: Averaged pulse profile from PSR J1825-0935 computed over
the entire 3500 s (epoch I). The strong main pulse can be very clearly seen,

however no strong evidence of any interpulse is present.
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Figure 4.5: Averaged pulse profile from PSR J1825-0935 computed over
the entire 6500 s (epoch II). The strong main pulse can be very clearly seen,

however a very weak indication of an interpulse can be observed.
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4.5 Pulse stack

Single pulse stack is a 2-D representation of intensity across the phase bins
and the pulse numbers. It gives an idea about how the signal strength is
varying with time (increasing pulse number) in each phase bin. Here on
Y-axis we have pulse number and on X -axis we have phase bins. The colour
in the plots represents the strength of signal where yellow colour represents
higher strength and blue colour represents lower strength. However, the
single-pulse signal we obtained is of low strength. To further assess its
properties in 2-D plot, we averaged the pulse strength for every 10 pulse
numbers, to increase the signal-to-noise ratio of the pulse signal. The

resultant pulse stack plots are shown in Figure 4.6 and Figure 4.7.

A clear variation in strength of the signal can be observed in the 2-D
pulse stacks. However, the variation in the two epochs is different. This

might give us a clue about amplitude modulation, a phenomenon usually

3500
3000
2500
2000
1500

1000

Pulse number

500

1] 100 200 300 400 L0
Phase Bins

Figure 4.6: 10 binned pulse stack from PSR J1825-0935 computed over the
entire 3500 s in epoch I. Variation in the strength of the pulse signal can be

clearly seen in this plot.
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Figure 4.7: 10 binned pulse stack from PSR J1825-0935 computed over the
entire 6500 s in epoch II. Variation in the strength of the pulse signal can be

clearly seen in this plot.

seen in pulsars. So this observed feature can be used to study amplitude

modulation property in this pulsar.

4.6 Modulation Index

To quantify the intensity variability or amplitude modulation across the pulse
train and to examine it phase dependence, we computed the modulation index
for the pulse. In general, the modulation index of a statistic ‘X’ is the square
root of variance divided by mean value of statistic ‘X’. In this case, we take
intensity, which is a function of phase, to be the statistic. Hence, the phase

resolved modulation index m(¢) is given as

N<P(p) > -<1(¢)? >
- < 1(¢) >

It is represented as the ratio of the square root of variance of intensity to the

m(¢)

average value of intensity (I), where intensity is a function of phase (¢). If
there is no variation in statistic, we get modulation index m(¢) to be ‘zero’
and it is ‘non-zero’ in the case any variation exists. The numerator of the

above expression in this case is defined as the standard deviation.
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Figure 4.8: Modulation Index of amplitude variation across the pulse profile
of PSR J1825-0935 for epoch I. The green solid line shows the pulse
intensity, the red solid line represents the standard deviation and the blue
cirles represents the modulation index.
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Figure 4.9: Modulation Index of amplitude variation across the pulse profile
of PSR J1825-0935 for epoch II. The green solid line shows the pulse
intensity, the red solid line represents the standard deviation and the blue

cirles represents the modulation index.

Figure 4.8 and Figure 4.9 shows the phase-dependent modulation index
computed from the entire pulse train plotted across the phase the bins for
epoch I and epoch II respectively. It can be seen that we find different level
of amplitude variation at different phases within the pulse, i.e, the trailing
part shows more variation in intensity with pulse number when compared to

the leading part of the pulse and variation in central phase was found to be
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minimum. But in the second epoch, quite opposite behavior was found, i.e,
the leading part of the main pulse showed more variation in intensity than
the trailing part. It certainly shows that the emission mechanism involved
might be transient and time-variable in nature, so PSR J1825-0935 showed

a change in the modulation index from epoch I to epoch II.

4.6.1 LRFS

LRFS stands for longitude-resolved fluctuation spectrum which displays
the presence of any periodic signal power as a function of frequency and
pulse phase. Performing LRFS analysis on any pulsar data, gives us the
presence of periodicities for each pulse longitude bin. For the two epochs,
LRFS analysis was performed. The pulse stack is divided into 6 blocks of 512
successive pulses for epoch I and 12 blocks of 512 successive pulses for epoch
II. Subsequently, LRFS was calculated by performing the discrete Fourier
transform on these blocks for both the epochs and following results are
exhibited in Figure 4.10 and Figure 4.11 for epoch I and epoch I respectively.
In these figures, the 2-D greyscale plot displays the power as a function of
the phase in X-axis and fluctuation frequency in Y-axis. The greyscale
represents the fluctuation power, with white representing higher power. On
the right panel the fluctuation power spectrum is shown where averaging

along the phase axis was applied.
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Figure 4.10: LRFS of PSR J1825-0935 for whole epoch I, taking blocks of
512 length FFT
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Figure 4.11: LRFS of PSR J1825-0935 for whole epoch II, taking blocks of
512 length FFT
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However, both plots seem to show that signal strength is not enough to
perform longitude resolved fluctuation spectrum analysis. Furthermore, it
indicates that a fluctuation signal if present, has to be transient and non-
stationary, otherwise such a signal would show up, albeit weakly, in this plot

as it was generated adding data from all the pulses in the data for each epoch.

4.7 Pulse energy

To study the variations in the pulse emission strength observed in the single
pulse stack plots, the pulse energy was plotted against pulse number for both
epochs. Here pulse energy was defined as the area under the on-pulse region.
Carrying out this exercise might help us understand what type of periodic
modulations are seen i.e, nulling, amplitude modulation (both periodic and
non-periodic ones). As amplitude modulation was seen in the pulse energy
vs pulse number plot. We proceeded with binning by 10 pulse numbers for
further studies to increase the signal-to-noise ratio of any possible signal
present in the data. Figure 4.12 shows the variation of pulse energy between
around -2 to 4 units with the pulse numbers (time) for epoch 1. Figure 4.13
shows the variation of pulse energy from -5 to 5 units for epoch II. It can
be observed that pulse energy variation in second epoch showed a relatively
higher global variation behavior compared to the pulse energy variation in

epoch I.
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Figure 4.12: Pulse energy variation across whole time of observation of PSR
J1825-0935 for epoch I
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Figure 4.13: Pulse energy variation across whole time of observation of PSR
J1825-0935 for epoch 11
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4.7.1 Pulse energy studies - epoch I

Figure 4.12 shows the observed variation in pulse energy. If any pattern
is present in the variation of amplitude, and if it is a stationary time series,
a simple Fourier transform could reveal the periodicity if it is present. But
it can be seen Figure 4.12 represents a non-stationary time series, meaning
the periodicity of any modulation seems variable. In such non-stationary
time series, periodic nature can be revealed by obtaining sliding Fast Fourier
Transform (FFT) of the respective non-stationary time series. The sliding
FFT technique was applied to epoch I. The length of segment considered
was 512 pulses and the length of sliding was 10 pulse numbers. The Nyquist
frequency obtained was 0.63 Hz. The resultant dynamic power spectrum for

epoch I that was obtained through this exercise is shown in Figure 4.14.
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Figure 4.14: Sliding FFT method applied to the non-stationary pulse energy

vs. pulse number series for epoch I.

InFigure 4.14, some yellow structures, representing higher signal strength
or presence of modulations, can be observed in pulse number range 800-
1400. The frequency corresponding to that modulation was observed to
be around 0.011 Hz. To further verify this claim, a conventional Fourier
transform was applied in the pulse number range 800-1400, and the resulting

frequency was found to be 0.066 Hz. Figure 4.15 shows the power spectrum
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corresponding to conventional Fourier transform in the pulse 800-1400. The
slight mismatch between the two frequencies results in an uncertainty in the

presence and period of the modulation.
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Figure 4.15: Power spectrum of the pulse energy region 800-1400

To further verify this and put stronger constraints on the modulation, we
shifted the pulse region by +50 pulse numbers, and in these two adjacent
pulse regions we again carried out the conventional FT. In the resultant
power spectrum of these two regions, the frequency was observed to change
abruptly to 0.43 Hz, whereas the presence of any real signal in these pulse
numbers might have shown a gradual decrease or change in frequency. Since
mismatch of frequency was observed, it was concluded that the presence of
the modulation could not be confirmed with confidence and some significant

noise contribution may be present.

4.7.2 Pulse energy studies - epoch II

As shown in Figure 4.13, a more pronounced global variation in pulse
energy i.e., rapid and high change in pulse energy was observed for epoch

II. To get a clear estimate of this global variation, the pulse energy plot
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Figure 4.13 was binned by means for every 10 pulses, and it was fitted with

a Gaussian filter with o = 4. The result is shown in Figure 4.16.
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Figure 4.16: Pulse energy vs pulse number with 10 pulse averaging for
epoch II. The orange solid line shows the Gaussian filter convolution of the

underlying pulse energy plot.

The plot in Figure 4.17 can be seen consisting of various dips in pulse
energy at certain pulse numbers. So whole plot was divided into several
sections according to high and low pulse energy values as in Figure 4.17. The
region where pulse energy was observed to dip considerably, was considered

as weak state. Remaining cases were considered as strong states.
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Figure 4.17: Pulse energy vs pulse number trend for epoch II resulting from
convolution with Gaussian filter. Here the high and the low pulse strength

regions are shown with divisions using the black vertical lines.
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Figure 4.18: Sliding FFT method applied to the non-stationary pulse energy

vs. pulse number series for epoch II.

Now the series in Figure 4.13 being a non-stationary time series, dynamic
sliding FFT technique can be used to verify if any underlying periodicity is
present. The result is presented in Figure 4.18. This time candidates for
possible significant modulation were observed at different pulse numbers
such as 1000-1500, 2000-2300, 2200-3500, and 4000-4400 with frequency
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0.011 Hz, 0.033 Hz, 0.007 Hz, and 0.0136 Hz respectively. When these
regions were checked using conventional Fourier transform, non-identical
frequencies were revealed. So again there was mismatch of frequencies
observed at those particular pulse numbers. The observed modulations
were present only for a brief period of time, which indicates that even if

modulations exist, they might be transient in nature.

Finally, it was examined whether the presence of modulations observed
in sliding FFT of epoch II was dependent on the aforementioned strong
and weak states. We observed that the modulation candidates were equally

present in strong states as well as the weak states.

4.7.3 Pulse energy distribution

Pulse energy was represented by the area under ’on’ pulse region and
gives an estimate of the strength of each pulse. To get a statistical quantification
of range of the pulse energy variation in two epochs, ‘on’ pulse energy and
‘off” pulse energy were calculated and plotted as shown in Figure 4.19 and

Figure 4.20 for epoch I and epoch II respectively.
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Figure 4.19: ON (blue curve) and OFF (orange curve) pulse energy
distribution of PSR J1825-0935 for epoch 1
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Figure 4.20: ON (blue) and OFF (red) pulse energy distribution of PSR
J1825-0935 for whole epoch II. The inset shows zoomed off pulse energy
distribution. The variation on the on pulse distribution is significantly higher

than the variation of the off pulse distribution in this case compared to epoch
L.

The blue line curve represents the energy under ’on’ pulse region,
whereas the other curve represents the energy under ’off” pulse region in
Figure 4.19 and Figure 4.20 for the two epochs of observation. In case
of normal non-nulling pulsars, little overlap is seen between on pulse and
off pulse energy distributions. Here, however, we see significant overlap
between the two distributions for both epochs (significant nulls had not
been previously reported for this pulsar). The significant overlapping of
the on and off pulse energy distributions might indicate the presence of
nulling, however more sensitive observations are required to confirm this
phenomenon. In general, for this low frequency observation the on pulse
energy distribution shifted towards lower pulse energies (possibly due to the
telescope sensitivity at this low frequency) compared to higher frequency
observations [15], which may also result in the observed overlap. And also
from these plots, we can compare between global energy distribution and

average pulse energy between two epochs. The wider energy distribution
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of the on pulse energy in epoch II compared to epoch I is consistent with
the global pulse energy variation as observed in Figure 4.17. This further
emphasizes the time evolution of pulsar emission properties and strong time-
dependence of the pulsation modulation of PSR J1825-0935 .

4.7.4 Polarisation analysis

Polarisation studies of PSR J1825-0935 were performed for epoch I for
270 pulses as shown in Figure 4.21 which shows the pulse profile for epoch
I'in each of the I, Q, U, and V modes. It is clear from the plot that emission
was dominant in linear polarisation mode (Q), and the central part of the

pulse showed lower circular polarisation (V) than the trailing and leading

parts.
—— |-Mode
—— (Q-Mode
0.30 — U-Mode
—— V-Mode
0.25
0.20
>
k=
¢
O 0.15
)
E
0.10
0.05
0.00

0 100 200 300 400 500
Phase Bins

Figure 4.21: Polarisation profile of PSR J1825-0935 for a section of epoch
I
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Figure 4.22: Polarisation profile of PSR J1825-0935 for whole epoch II

Similar analysis was done for epoch II for 6500 pulses as shown in
Figure 4.22 which shows the pulse profile for epoch II in each of the I, Q,
U, and V modes. A similar behavior to epoch I, i.e., relatively low circular
polarisation for the pulse center compared to trailing and leading parts, was
observed. However, in this case the circular polarization (V) displayed a
more negative value, possibly due to a higher exposure time for epoch II

relative to epoch 1.
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Chapter 5
Discussion and conclusion

We carried out a detailed pulse and single-pulse studies of PSR J1825-0935
using MWA observations at a low frequency of 184.96 MHz. This work
investigates the pulsation properties and the periodic amplitude modulation
characteristics of PSR J1825-0935 at low frequencies with unprecedented

sensitivity.

On plotting the averaged pulse profile for 3500 s of observation time in
epoch I and for 6500 s of observation time in epoch II, a clear main peak
was obtained, but there was also a hint of interpulse in the profile. The weak
nature of the interpulse may be due to weaker strength of interpulse at such
low frequencies or in this particular state of time of the pulsar interpulse has
become weak. It may be likely that we are observing PSR J1825-0935 in
the Q-mode (quiet-mode) [1].

Plotting the calculated pulse energy of the sub-pulses against pulse
number clearly showed variation in the pulse energy. This indicated towards
the presence of periodic amplitude modulation of the pulses. As we have seen
earlier, non-zero value of modulation index implies the presence of different
levels of variation within ON pulse region. We observed that the trailing part
of the PSR J1825-0935 pulse showed more intensity modulation than leading
part of the pulse in the epoch I, whereas in epoch II, it showed opposite
behavior, i.e., leading part of the main pulse showed more modulation index
than the trailing part. The study of the same phenomenon at 1369 MHz for

the same pulsar showed more intensity modulation in the leading part of the
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pulse [1] than the trailing part (which is consistent with our epoch II result.
Detailed timing analysis showed transient candidates for pulse amplitude
modulation at certain frequencies within specific pulse ranges of the pulse
train. These show that amplitude modulation phenomena is a time-evolving
phenomenon. Further the observed non-dependence of the presence of
modulation candidates on strong or weak states in this work, might help set
a constraint on emission mechanisms behind them, indicating that the two
origin processes may be uncorrelated. The variation in the magnetospheric
currents that may be responsible for the amplitude modulation [28], is most
probably not directly related to the physical phenomenon governing the
enhancement of the pulse strength resulting in the strong and weak states.
This needs to be investigated further as this can have important consequences
for the emission process and geometry and the spectral nature of the pulse
and its micro-structures. As seen in the fluctuation spectra section, detection
sensitivity is insufficient to determine the periodic nature of modulation.
Further high sensitive observations are required to get more conclusions
regarding the emission processes and beam geometry. No polarisation
position angle plots and estimates on the magnetospeheric geometry analysis
was done for PSR J1825-0935 earlier, similar to the ones mentioned in [34],
and strong limits on the beam geometry could not be presently given from

the polarization profile analysis.

Similar studies were done for pulsar B1929+10 at various frequencies
[22, 23]. When observations were studied and analysed at 333 MHz using
GMRT, periodic amplitude modulation was seen with a period of 11.5 +
1.3 P and no sub pulse drifting was observed [15, 20]. At 1.5GHz only
modulation features were observed, no drifting pattern was observed [32].
The comparative description of the modulation parameters of a selected
sample of pulsars in shown Figure 5.1 taken from [25]. Here P, P, P3, and
E are the spin period, spin-down rate, modulation periodicity, and spin-down
energy of the pulsar respectively. PSR J1825-0935 is given in the third row,
with the spin-down energy highlighted. The E is higher for this pulsar than
the empirical threshold of 2 x 1032 erg/s that is required for pulsars to exhibit
pulse amplitude modulation [1]. This pulsar showed a relatively higher

modulation periodicity in previous works [1, 28], however in this work, we
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obtained modulation candidates at relatively lower modulation periodicities.
The pulsars with phase lock (between Interpulse and Mainpulse) were
tending to show relatively higher energy loss states. For PSR J1825-0935
, however we could not observe any such phase locking behavior possibly

owing to the extremely weak presence of the Interpulse.

Table 2. The (modulation) parameters of PSRs B1055-
52,B1702-19, B1822-09 and B1929-+10.

PSRB P P P E Piclay Tdelay
(10~1%) (10%%)
s s/s P erg/s P s
1055-52  0.197 5.83 21 + 27 30 2.5¢ 0.49
1702-19  0.299 4.14 11 +0.4° 6.1 0.5° 0.15
1822-09  0.769 52.5 43 + 1° 4.5 — -
1929410 0.227 1.16 12+1 3.9 1 0.23

Figure 5.1: The pulse amplitude modulation parameters of pulsars B1055-
52, B1702-19, B1822-09, and B1929+10 [1, 31, 32]. This table was taken
from [25].

The dependence of the periodic amplitude modulation and sub pulse
drifting on frequency is still an unclear phenomenon. Our work sheds light
on the observational behavior of this phenomenon at low frequencies, which
can be essential in understanding the radiative behavior and the emission
characteristics of amplitude modulation observed in pulsar radiation. We
observed that modulation phenomena might be a transient phenomenon.
Additionally, given that this feature was often strongly prevalent at other
frequencies, pulse amplitude modulation might also be quite a frequency
dependent phenomenon. We were able to constrain the high energy and
low energy states emission mechanism being uncorrelated to the emission
mechanism responsible for modulation phenomenon. Modulation index
was also found to vary with time. Linear polarisation was appearing to be
dominant than circular polarsiation, implying that curvature radiation might
be the responsible one for the observed behavior. However, synchrotron

emission with favourable geometry may also be responsible. With upcoming
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highly sensitive telescopes, these phenomena can be studied in great detail,
possibly provide us greater understanding of the physical processes occurring

in pulsars.
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Chapter 6
Future Plans

In further research:

1. We plan to extend this analysis to the other two MWA observations
at different epochs separated by time. We plan to examine the time
evolution of single-pulse properties, especially that of the periodic
amplitude modulation. Our results already indicate that this feature
is highly dependent on time. Such an extensive study over multiple
epochs will help constrain the physical factors triggering the amplitude

modulation mechanism.

2. Searches for interpulse, precursor and different pulsation modes will

also be carried out over the data of the different epochs.

3. Compare the results obtained with similar amplitude modulation feature

for other times, frequencies and sources.

4. Due to mode changing behavior exhibited by PSR J1825-0935 , pulsar
beam geometry and emission mechanisms can be studied in more

detailed manner by geometric and polarimetric analysis [34].
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