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Abstract

Using the database obtained from the Australian Telescope National Facility (ATNEF),
an attempt to analyse different types of pulsars based on emission mechanism was
made. Twenty-eight pulsars are taken from the catalogue and are categorised into
groups for comparison. A few cases of pulsars with unique characteristics are consid-
ered. Precise observational data on parameters (with respect to J2000 coordinates) is ob-
tained from the ATNF database. Few parameters are obtained from empirical relations
and are used for analysis. In an attempt to understand the behaviour of pulsars from
observational data, pulsars that have high parametric values, distinguished properties
and surroundings are included. It is observed that for some pulsars, that the surround-
ings affect them more than their interior properties. Comparative analysis of different
pulsars provides us an understanding of existing data and to explore and examine non

categorised objects.

Keywords: ATNF database, parameters, J2000 coordinates, empirical relations, anal-

ysis.
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Introduction

The existence of neutron stars was theoretically proposed by Walter Baade and Fritz
Zwicky in 19341, About 30 years later, in 1967, Jocelyn Bell Burnell and Antony
Hewish observed pulsating radio sources or pulsars which are also known as “rotat-

n[6] .

ing neutron stars Most neutron stars are observed as pulsars. Currently, there are

more than 2000 known neutron starsl’l and more are yet to be discovered.

Neutron stars are formed due to the gravitational collapse of a massive progenitor star
in a supernova explosion. Their theoretical masses are in the range of 1.4 — 3Mg] with
its radius in the range of about 10 — 20 km, making them one of the densest objects in the
universe. They exhibit extreme physical conditions such as strong magnetic fields, typ-
ically of the order of 10! Gauss, critical temperature of the order of 10 kelvin, super-
fluidity and superconductivity[z}. These dense and exotic objects thus act as laboratories
to study and understand dense matter physics, nuclear physics, particle physics, high
energy physics, and the co-relation among them!?..

1.1 | Formation of Neutron Stars

Every star forms from dense molecular clouds which are also known as “nebula”. Due
to gravity, the molecular clouds begin to collapse®l. The clouds get fragmented into
smaller clumps and these clumps continue to collapse till they reach the critical temper-

ature necessary to initiate nuclear fusion*!

. For nuclear fusion to take place, the temper-
ature required is of the order of 10° kelvin. The star fuses the lighter nuclei into heavier
nuclei, starting from hydrogen (;H') and then gradually forming all other elements in
the periodic table over millions of years. On reaching iron (3¢Fe®), the fusion stops. As

iron sits at the peak of the nuclear stability curve, it requires a very high temperature to

1



Chapter 1. Introduction 1.1. Formation of Neutron Stars

overcome the electron-electron repulsion and form any other heavier elementsl®. The
core starts to cool and eventually, the radiation pressure and gas which balances the
gravitational pressure break equilibrium. The star collapses under its own gravity ini-
tiating neutronization, a process where the electrons and the free protons fuse to form
neutrons with the release of neutrinos and gamma rays..

pre=n+ry

These neutrinos are temporarily trapped inside the corel?. The neutrons get closely
packed in the core until their density is equivalent to the density of the atomic nucleus.
At this stage, the core collapse stops and the central portion of the core rebounds gen-
erating a shock-wave from the outer edge of the core which propagates radially out-
wards for 100 to 200 km. Due to rotation, convection and magnetic field, the neutrinos
escape from the core at the speed of light which expels the stellar mantle?). The re-
maining portion of star’s core is a neutron star. No fusion takes place inside the core
and the gravity is balanced only by the neutron degeneracy pressure. The size of a
neutron star is determined by the balance between neutron degeneracy pressure and
its gravity. Neutron stars have densities ranging from 10'” to 10'®kg/m?>. The theoret-
ical mass limit for neutron stars is in range 1.4M-3M, which is popularly known as
the Tolman—Oppenheimer— Volkoff (TOV) limit. There are some neutron stars which
have masses less than 1.4M. In order to conserve angular momentum, the neutron
stars have high spinsi®l. As a neutron star spins, it emits electromagnetic radiation,
which are emitted from the magnetic poles/ magnetosphere of the neutron star.



ATNF Catalogue

2.1 | The ATNF Pulsar Catalogue

The ATNF Pulsar catalogue was first published in 2005 with data for 1509 pulsars!®l.
Currently (version 1.64) it has data for about 2000 different pulsars. It was developed
by the CASS Pulsar group, which is a part of ATNF (Australian Telescope National
Facility), a division of CSIRO (The Commonwealth Scientific and Industrial Research
Organization) Astronomy and Space Science. The catalogue has classified the pul-
sars based on the source of the electromagnetic radiation emitted by them and includes
all spin-powered pulsars as well as anomalous X-ray pulsars and soft gamma-ray re-
peaters showing coherent, pulsed emissions but excludes accretion-powered systems.
The CASS group has also developed a web interface to make the catalogue available to
a wider community. The web interface has an option to display tabular form of data
and plots for the objects chosen. It allows us to select from a wide range of parameters
which includes Name and Position parameters, Timing and Profile parameters, Binary
Systems parameters, Distance parameters, Association and Survey Parameters, Derived
parameters, etcl®/. All the objects in the catalogue are named based on their position in
the J2000 coordinate system.
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2.2 | Basis for the classification of pulsars

Pulsars are generally classified into three distinct categories based on the source of the

electromagnetic radiation emitted by them!!. They are:

1. Rotation (Spin-powered) pulsars are those in which the loss in the rotational en-

ergy of the pulsar gives rise to the radiation.

2. Accretion-powered pulsars (binary systems) are those in which the gravitational
potential energy of the accreted matter from the companion is the source of radia-
tion. Example, most of the X-ray pulsars.

In case of High mass X-ray Binary (HMXB), the mass-losing star has a mass which
is > 10M., and is an early (age) O-Type or B-Type star. The mass transfer takes
place by the capture of matter from stellar wind and not by the accretion disk be-
cause they do not have a very distinct accretion disk. The X-ray emission is from
the magnetic poles of the pulsarl'4..

In case of Low mass X-ray Binary (LMXB), the mass-losing star has a mass of
about 1M, which are mostly late type (age) stars, Type A. These stars do not
have strong stellar winds. These late type stars fill their Roche lobe and hence
mass transfer takes place by the accretion of matter through the inner Lagrangian
point as a result of Roche lobe overflow. LMXBs have a very distinct accretion
disk and most of the X-rays are produced at the inner part of the disk and at the
surface of the neutron star. X-rays are also produced from accretion disk corona

(the region above and below the disc) - Accretion powered system!4..

3. Magnetars are pulsars with extremely strong magnetic fields and the decay of
these fields produce electromagnetic radiation.
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2.3 | Pulsar Types

The pulsar types as listed by the catalogue are:

1. AXP - Anomalous X-ray Pulsar or Soft Gamma-ray Repeater with detected pulsa-

tions.
2. Binary - Pulsar with one or more binary companion(s).

3. HE (Objects with High Energy emissions) - Spin-powered pulsar with pulsed

emission from radio to infra-red or higher frequencies .

4. NRAD (Non-Radio pulsars) - Spin-powered pulsar with pulsed emission only at

infra-red or higher frequencies .
5. Radio - Pulsars with pulsed emission in the radio band.

6. RRAT (Rotating Radio Transient Sources)- Pulsars with intermittently pulsed ra-

dio emission.

7. XINS (X-ray Isolated Neutron stars). Isolated neutron stars with pulsed thermal

X-ray emission but no detectable radio emission.

8. NaN - Object type not yet defined.

1. AXP - Anomalous X-ray Pulsar:
Most X-ray pulsars are in Binary systems, in which the X-rays are produced due to
the gravitational potential energy released during the accretion of matter from the

massive companion!”/1,

But AXPs are young, isolated and highly magnetized.
Absence of a companion shows that their radiation is not powered by accretion of
matter. The pulse periods of AXPs are long in the range of 6 - 12 seconds!'?. Their

rotation rates are too slow to power the X-ray emission!'0/11)[12],

Until recently, the radiation emission mechanism of AXPs was completely un-
known. Current models propose that AXPs are a type of magnetar (a neutron
star with very strong magnetic fields), and X-rays are produced as their magnetic
tields decay over time. Observations also show that AXPs have very similar

properties to that of Soft gamma-ray repeaters (SGRs) which are also thought to be
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10L[111,12] ' AXPs and SGRs have similar pulse periods, spin down rates

magnetars[
and strong magnetic fields but the main difference is that AXPs are less active than
SGRs. It is considered that SGRs evolve into AXPs when their rotation slows and

magnetic field weakens!1?13].

2. Binary Pulsar Systems:
A Binary pulsar system has a pulsar with a companion which is usually a star of
any type and sometimes even a planet. X-ray Binary systems emit X-ray radiation
which originates as a result of gravitational potential energy released during ac-
cretion of matter from the companion”/[1%. The main classes of the Binary pulsar

systems are,m]

High-mass Eccentric Binaries, in which the pulsar has a main sequence (B or
Be) star of around 10M;, as its companion. They have highly eccentric orbits with
very long orbital periods of several weeks to several years.

Example: PSR B1259-63.

Circular White Dwarf Binaries have degenerate white dwarf companions of mass
approximately equal to 0.1M, - 1.2M. Sometimes, the pulsar is a millisecond
pulsar born from a previous episode of recycling. These systems have exception-
ally circular orbits. Example, PSR J0437-4715 (we have chosen this object for our
study).

Neutron Star - Neutron Star Binary Pulsars have short orbital periods and ec-
centric orbits. Example, Hulse-Taylor binary system, which consists of a pulsar
and a neutron star, viz, PSR J1915+1606 and PSR B1913+16, the first binary pulsar

system to be discovered in 1974 by Russel Alan Hulse and Joseph Hooton Taylor
Jr. [49],

Eccentric White Dwarf + Pulsar Systems have a non-recycled, young pulsar in
orbit around a white dwarf companion. In this case, the white dwarf is formed
before the pulsar and their evolution is special. This system requires special initial
conditions and mass transfer to have taken place. They have eccentric orbits.
Example, PSR J1141-6545.
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Double Pulsars have two visible pulsars. This system is very important to test the
theory of general relativity. Example, PSR J0737-3039.

The “Black widow’ pulsars have short orbital periods which is less than a day and
contain feeble, low-mass non-degenerate star companion. Example,

PSR J2051-0827.

The Planet Pulsars System is debatable as to if it is a true binary system or not.
Example, PSR J1300+1240 which has three planets orbiting it.

3. HE, NRAD (Spin-Powered Pulsars):
HE pulsars, i.e, pulsars with high energy pulsations and NRAD pulsars, i.e, Non-
radio pulsars are both Spin-Powered Pulsars. In Spin-powered pulsars, the loss of
the rotational kinetic energy gives rise to pulsed emissions. The pulsed emission
occurs in a range of frequencies. For HE pulsars, the pulsed emission is in the
radio to infra-red or higher frequencies of the electromagnetic spectrum, where as
for NRAD pulsars, the pulsed emission is only at infra-read or higher frequencies
of the electromagnetic spectrum /1],

4. Radio Pulsars:
Radio pulsars are considered to be highly magnetized, rapidly rotating neutron
stars exhibiting light-house effect with pulsed emissions. Majority of these pulsars
spin at a rate of about once per second, some pulsars spin up to approximately
650 times per second and are generally referred to as millisecond pulsar (a pulsar
spinning faster than about 50 milliseconds). Some Radio pulsars are associated
with supernova remnants!').

5. RRAT - Rotating Radio Transient Sources:
RRATs are sources of short radio pulses which last for only a few milliseconds
and are moderately bright. They emit pulses, for perhaps, every 100 - 1000 ro-
tation periods of the neutron star'?. They spend much of their time invisible in
quite different ways and have underlying periodicities which are attributable to

rotating magnetic neutron stars/'.

6. XINS - X-ray Isolated Neutron Star:
It is a Non-radio Isolated Neutron Star. They produce thermal radiation and have
high magnetic fields but not as high as that of magnetars. They are visible in some

parts of the electromagnetic spectrum particularly in X-rays and gamma-rays!'%).
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2.4 | Objects

Objects and their categories (as per catalogue): We have selected 28 objects of the fol-

lowing categories,

1.

2.

HE

NRAD

RRAT

AXP-HE

. AXP-NRAD

NaN(Object type not yet defined)

Object Description:

1. PSR J0205+6449[19.552];

1.

It is a young, high energy pulsar (HE) and a supernova remnant that is possibly
associated with supernova 1181 (SN 1181), which is a supernova in the Milky Way
Galaxy .

Its common name is 3C-58.

. The pulsar is significant for its high rate of cooling which cannot be explained by

standard theories of neutron star formation.

. It can be detected in radio and X-ray energies. It has the third-largest spin down

flux among known spin- powered pulsars.

2. PSR J0218+4232(20];

1.

It is a high energy (HE) binary millisecond pulsar with a helium white dwarf com-
panion (He). The radiation source is due to the loss in rotational kinetic energy, as

accretion from white dwarf companions do not occur.

8



Chapter 2. ATNF Catalogue 2.4. Objects

2. It is a 2.3 ms radio pulsar in a two day orbit around its low mass white dwarf

companion.
3. PSR J0437-4715211.122];

1. Itis a high energy (HE) binary millisecond pulsar (MSP) with a low mass helium
white dwarf companion (He) and an orbital period of 5.7 days. Accretion of matter
from the white dwarf companion does not occur and hence the radiation emission

is powered by the loss in rotation energy.
2. Itis the closest and one of the brightest millisecond pulsar.
3. It is the first MSP to be detected in X-rays.

4. It exhibits the greatest long-term rotational stability of any pulsar, with accuracy
that beats Earth-based atomic clocks.

5. The pulsar period is 5.75 ms.
4. PSR J0534+2200 (crab pulsar)®:

1. It is a high energy (HE) young neutron star located at the centre of the Crab Neb-
ula, a remnant of the supernova 1054 (SN 1054).

2. Itis one of the very few pulsars to be verified optically.
3. It has a period of 33 ms.
4. The radiation is observed from radio to gamma-rays.
5. PSR J1124-5916/24:
1. This pulsar is associated with the supernova remnant G292.0+1.8.
2. It has a period of 135 ms.
3. Itis a very young HE pulsar.
6. PSR J1617-5055/2]:

1. The young energetic pulsar has a X-ray PWN (Pulsar Wind Nebula - nebula that
is found inside the shell of a supernova remnant and is powered by the winds
generated by the central pulsar).
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7. PSR J1930+1852[45]:
1. Itis in a Double Neutron Star System (DNS).

2. DNS systems have rapid spin periods, eccentric orbits and short orbital periods.
But PSR J1930+1852 has the longest spin period of approximately 185 ms and an
orbital period of about 45 days.

3. It is partially recycled (neutron stars that spin-up by accreting matter are called
recycled pulsars) and might have formed before its neutron star companion.

8. PSR J2124-3358/20;
1. Itis an isolated HE MSP with a pulsar period of 4.9 ms.

9. PSR J2229+6114/%7;
1. HE pulsar which is significantly more luminous than the Vela pulsar.
2. It has radio and X-ray pulsations at a pulsar period of 51.6 ms.

10. PSR J0633+174625:

1. Itis a HE pulsar, commonly called as Geminga which is at a distance of approxi-

mately 800 ly from the Sun.
2. The pulsar period is approximately 237 ms.
3. Itis a gamma-ray source.
11. PSR J0537-691012%);

1. One of the most unusual NRAD pulsar which is losing its energy faster than any

other known pulsar.

2. It also has a prolific glitch activity (a phenomenon during which the pulsar expe-

riences a sudden change in its rotation rate).

3. It is observed only in X-ray.

10
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12. PSR J1811-192510;

1. A young NRAD pulsar which has a characteristic age greater than its supernova
remnant approximately by 10 times. The reason might be its spin period. It is
assumed that its spin period (65 ms) has not changed much after its birth. The
reason for this might be due to the accretion from its surroundings which made it
rotation-powered X-ray pulsars (from the paper cited).

13. PSR J1846-02580:
1. NRAD pulsar located at the centre of the supernova remnant Kes-75.
2. Itis in the boundary between magnetars and rotation powered pulsars.
3. Itis young with one of the highest surface magnetic field strengths.
14. PSR J0628+0909[47];
1. Itis a millisecond rotating radio transient source.
15. PSR J1809-1943/32;
1. Itis an AXP-HE pulsar.
2. Itis the first magnetar found to be emitting radio pulses.
3. The radio emission is in the form of strong, narrow bursts.

4. It has properties that are different from ordinary rotation powered pulsars includ-
ing extremely variable flux densities.

16. PSR J1745-2900033152];
1. Itis an AXP-HE pulsar.

2. It is the first discovered magnetar orbiting the black hole Sagittarius A* in the
centre of the Milky way:.

3. The magnetar period is 3.76 s and its magnetic flux density is of the order 10'G.
4. The magnetar is at a distance 0.33 ly from the central black hole.
17. PSR J0100-7211534;

1. Itis an AXP-NRAD pulsar located in the Small Magellanic Cloud.

11
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2. This is the first abnormal extra-galactic X-ray pulsar to be discovered.
3. Its characteristic age is 6800 years.
18. PSR J1708-4008/>%:
1. Itis an AXP-NRAD pulsar.
2. Itis observed to have weak magnetic field than others.
19. PSR J1808-2024":

1. Itis an AXP-NRAD pulsar located in the constellation of Saggitarius, about 15 kpc
(about 48923.45 ly) from earth.

2. Itis one of the few known SGRs in our own galaxy.
3. It has a surface temperature of 1,36,000 K and is around 12.39M, .
20. PSR J1841-0456/%:
1. Itis an AXP-NRAD pulsar associated with the supernova remnant of Kes 73.
2. Itis an X-ray source with a pulsar period of approximately 11.8 s.

3. Its rotational energy is far too small to produce X-rays and other proposed

mechanisms for the production of X-rays are:

a) Accretion from a high mass X-ray binary, a low mass companion or a fossil
disk or a merged white dwarf.

b) Intrinsic energy loss, such as initial cooling or decay of magnetic fields.
21. PSR J1907+09190¢l;
1. Associated with SGR 1900+14, it has a pulsed radio emission of period 5.16 s.
2. It has a super strong magnetic field in the order of 8.1 x 101G.
22. PSR J2301+5852 & 23. PSR J0525-6607:
1. Itis an AXP-NRAD pulsar.
24. PSR J1105-61071%"):

1. The object category is not defined in the catalogue (NaN), but it is a radio pulsar
(Rotation-powered) with a period of 63 ms (from the paper cited).

12
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2. Itis a young and energetic pulsar and is possibly associated with the nearby su-

pernova remnant G290.1-0.8.
3. This pulsar can be observed at higher energies.

25. PSR J0543+2329:

1. Its category is not defined by the catalogue, but it is an X-ray sourcel*®!

2. This pulsar was in a close binary system with J0528+2200 which was later dis-

rupted by a supernova explosion®,

26. PSR J0636-4549:
1. It might be a radio source/4?,
27.PSR J1811-4930 & 28. PSR ]J1812-1718:

1. Object type unknown.

2.5 | Parameters:

In order to understand the properties of all the pulsars in detail, we chose the following
few parameters from the catalogue and studied them. We also derived some other pa-
rameters such as the moment of inertia and radius from period and period derivative of
[42],[43]

the pulsars. Parameters from the catalogue (8],

1. P - Barycentric period of the pulsar in second (s): The period of the pulsar (the
interval between pulses) with respect to its barycentre is known as the barycentric

period of the pulsar.

2. P (dimensionless): is the time derivative of the barycentric period. It is an ob-
servational value, but the measurements are difficult to perform as it demands

extremely long and precise rows of observations.

Db—p 0P
- TL—-T, ot

where P, P, are the pulsar periods and Tj,T; are the time intervals.

p (2.1)

3. Rpum - Radio luminosity at 400 MHz in milli-Jansky kpc2 (m]ykpcz) : Radio lu-
minosity is an intrinsic property of radio pulsars related to the properties of a

magnetospheric plasma and the beam geometry. It is inversely proportional to the

13
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10.

observing frequency. It is also considered as a function of the spin parameters of
the pulsar.

T - Characteristic age (or spin down age) of the pulsar in year (yr):
The characteristic age of a pulsar is calculated from its spin down rate. It provides
an approximate measure for the pulsar’s true age. The characteristic age is given

as in equation 2.2,
p

" 2P

where P is the period of the pulsar and P is the first derivative. Calculation using

T (2.2)

this formula is valid under the following three assumptions:
a) The pulsar’s initial spin period was much smaller compared to the spin pe-
riod observed today.
b) There is no magnetic field decay

¢) The magnetic braking can be approximated by the energy loss, as spinning
dipolar magnet would experience in a perfect vacuum [in this case, the brak-
ing index(n = 3)].141

F - Barycentric rotation frequency in Hertz (Hz).

Bs - Surface magnetic flux density in Gauss (G) : It is the magnetic flux (the total

number of magnetic field lines passing through the area) at the surface.

P - Spin down energy loss rate ( erg/s ): Pulsars have high spin, due to which
it loses energy, causing the spin to reduce. The rate of loss of rotational kinetic
energy is expressed in E.

Brc - Magnetic field at light cylinder in Gauss (G).
PX - Annual parallax in milli-arcsecond (mas).

D - Distance in kiloparsec (kpc): Best estimate of the pulsar distance using the
YMW16 DM-based distance as default (kpc).
Distance from barrycenter to target (pulsar): D = 1/PX, where PX is annual paral-

lax.

14
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2.6 | Derived Parameters:

These parameters are deduced from empirical relations based on moment of inertia (I),
spin-period (P), rate of change of spin-period (P), surface magnetic flux density (B;),
etc. In order to calculate the values for surface magnetic flux density (B;), the catalogue
has made two assumptions and generalised the values for radius and moment of inertia
(54 where the radius of the objects is considered to be,

(R = 10° cm) and moment of inertia (I = 104 g.cmz) .

The following parameters were calculated using empirical relations:

1. Radius of the neutron star: Most of the objects in our data (table) have almost
equal radius values. (write the equations systematically). On rearranging 2.3, the

equation for radius is given by,

IPP)l p

Rys = ( 2 (2.3)
2. Luminosity: '
L= %1; (2.4)
3. Moment of Inertia(I): ‘
I= 4?;1.) (2.5)

4. Magnetic moment (m): Magnetic moment can also be defined as dipole moment
or the characteristic magnetic filed of a pulsar. Through the magnetic dipole in-

clination we can determine the electromagnetic radiation at a particular rotational

[3PPIc3

Rotating pulsars have extremely strong magnetic fields, this creates an angle be-

frequency.

tween the rotation axis and magnetic axis. When a pulsar loses it energy, rotational
energy compensates for the loss by emitting electromagnetic radiation, which in
turn leads to a decrease in the angular velocity. If we consider the neutron star as
a magnetized rotating body, we can define the spin down torque as:

_2mPw’ sin® B

=T 2.7)

15



Analysis

3.1 | Distribution of Data:

The ATNF database, version 1.64, lists more than 2000 pulsars. However, we selected
28 candidates of different categories for analysis. There are ten high energy pulsars in
which two of them are binary millisecond pulsars with Helium White Dwarf companion
(PSR J0218+4232 and PSR J0437-4715) and one object is an isolated MSP (PSR J2124-
3358). There are three NRAD pulsars, one RRAT pulsar, two AXP-HE pulsars, seven
AXP-NRAD pulsars, two X-ray sources and three NaN objects (objects whose types are
not yet defined in the catalogue).

Note: The "~ and "NaN’ represent the "Unknown Type" category.

The distribution of data with respect to categories of pulsar types is shown in the
above /textbfFigure 3.1. They include the following pulsar categories:

1. HE: High energy pulsar.

2. He-hwd : High Energy pulsar with binary companion helium white dwarf.
3. Xyay : X-ray pulsars.

4. NRAD : Non-Radio pulsars detected in high frequency like gamma.

5. RRAT :Rotating Radio Transient.

6. "-": Unknown pulsars whose types are not yet defined (NaN).

7. AXP - NRAD : Anomalous X-ray pulsars observed in both X-ray and Gamma-ray.
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Chapter 3. Analysis

3.1. Distribution of Data:

Table 3.1: (1)

Name of pulsar(J2000) Period(P) sec Spin-Rate(P) D(Kpc) Age(yrs)
J0205+6449 0.06571592849 1.94E-13 3.2 5370
J0218+4232 0.002323090532 | 7.74E-20 3.15 476000000
J0437-4715 0.005757451937 | 5.73E-20 0.157 1590000000
J0534+2200 0.0333924123 4.21E-13 2 1260
J1105-6107 0.06320213092 1.58E-14 2.36 63200
J1124-5916 0.1354768544 7.53E-13 5 2850
J1617-5055 0.069356847 1.35E-13 4.743 8130
J1930+1852 0.136855047 7.51E-13 7 2890
J2124-3358 0.004931114943 | 2.06E-20 0.41 3800000000
J2229+6114 0.05162357393 7.83E-14 3 10500
J0537-6910 0.01612222202 5.18E-14 49.7 4930
J0543+2329 0.2459836833 1.54E-14 1.565 253000
J1811-1925 0.064667 4.40E-14 5 23300
J1846-0258 0.3265712883 7.11E-12 5.8 728
J0628+0909 3.76373308 5.48E-16 1.771 35900000
J0633+1746 0.2370994417 1.10E-14 0.19 342000
J0636-4549 1.984597367 3.17E-15 0.383 9910000
J1811-4930 1.432704197 2.25E-15 1.447 10100000
J1812-1718 1.205374441 1.91E-14 3.678 1000000
J0100-7211 8.020392 1.88E-11 59.7 6760
J1708-4008 11.0062624 1.96E-11 3.8 8900
J1808-2024 7.55592 5.49E-10 13 218
J1809-1943 5.540742829 2.83E-12 3.6 31000
J1841-0456 11.7889784 4.09E-11 9.6 4570
J1907+0919 5.198346 9.20E-11 NaN 895
J2301+5852 6.97907097 4.71E-13 3.3 235000
J1745-2900 3.76373308 1.76E-11 8.3 3400
J0525-6607 8.047 6.50E-11 NaN 1960
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Chapter 3. Analysis 3.1. Distribution of Data:

Name of pulsar(J2000) Bs(G) E (erg/s) B1:(G) I(gcmz) Ryns(km)
J0205+6449 361E+10 2.70E+37 | 119000 1.00E+45 | 9.965951693
J0218+4232 429E+6 240E+35 | 321000 9.86E+44 | 9.937420138
J0437-4715 429E+6 1.20E+34 | 28500 1.01E+45 11.04616289
J0534+2200 379E+10 4.50E+38 | 955000 1.01E+45 | 9.979321103
J1105-6107 101E+10 2.50E+36 | 37600 1.01E+45 | 9.985829419
J1124-5916 102E+11 1.20E+37 | 38500 1.01E+45 | 9.975170757
J1617-5055 31E+11 1.60E+37 | 87000 1.00E+45 | 9.961065114
J1930+1852 103E+11 1.20E+37 | 37500 1.04E+45 10.01010109
J2124-3358 322E+6 6.80E+33 | 25200 1.01E+45 | 9.971865167
J2229+6114 203E+10 2.20E+37 | 139000 9.81E+44 | 9.934604859
J0537-6910 925E+9 490E+38 | 2070000 1.01E+45 | 9.968171155
J0543+2329 197E+10 4.10E+34 | 1240 1.00E+45 | 9.967652442
J1811-1925 171E+10 6.40E+36 | 59200 9.97E+44 | 9.950232304
J1846-0258 488E+11 8.10E+36 | 13100 1.01E+45 | 9.967961401
J0628+0909 835E+9 1.10E+31 4.09 2.71E+46 | 20.76965512
J0633+1746 163E+10 3.20E+34 | 1150 9.86E+44 | 9.940989183
J0636-4549 254E+10 1.60E+31 3.05 1.00E+45 | 9.95872678
J1811-4930 182E+10 3.00E+31 5.8 9.92E+44 | 9.945216014
J1812-1718 485E+10 430E+32 | 26 1.00E+45 | 9.96381375
J0100-7211 393E+12 1.40E+33 | 7.14 9.74E+44 | 9.91671133
J1708-4008 47E+13 5.80E+32 | 3.3 1.00E+45 | 9.961209485
J1808-2024 2.06E+15 | 5.00E+34 | 4438 9.96E+44 | 9.955833236
J1809-1943 127E+12 6.60E+32 | 6.98 1.01E+45 | 9.962802699
J1841-0456 703E+12 990E+32 | 4.02 1.01E+45 | 9.968236292
J1907+0919 7E+14 2.60E+34 | 46.7 1.01E+45 | 9.970565369
J2301+5852 58E+12 5.50E+31 1.6 1.01E+45 | 9.972322439
J1745-2900 26E+13 1.30E+34 | 45.7 1.00E+45 | 9.963810035
J0525-6607 732E+12 490E+33 | 13.2 9.96E+44 | 9.953254432
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Chapter 3. Analysis

3.1. Distribution of Data:

Name of pulsar | Category Magnetic moment(ergs/G) | P lum(ergs/s)
J0205+6449 HE 3.62E+27 4.36E-74 | 6.85E+35
J0218+4232 HE-hwd 4.26E+23 1.44E-77 | 6.09E+33
J0437-4715 HE-hwd 5.86E+23 1.65E-78 | 3.04E+32
J0534+2200 HE 3.81E+27 3.59E-73 | 1.14E+37
J1105-6107 X-ray 1.02E+27 3.77E-75 | 6.34E+34
J1124-5916 HE 1.03E+28 3.98E-74 | 3.04E+35
J1617-5055 HE 3.10E+27 2.73E-74 | 4.06E+35
J1930+1852 HE 1.05E+28 3.60E-74 | 3.04E+35
J2124-3358 HE 3.23E+23 8.23E-79 | 1.72E+32
J2229+6114 HE 2.02E+27 2.85E-74 | 5.58E+35
J0537-6910 NRAD 9.28E+26 2.01E-73 | 1.24E+37
J0543+2329 X-ray 1.98E+27 2.47E-76 | 1.04E+33
J1811-1925 NRAD 1.71E+27 1.02E-74 | 1.62E+35
J1846-0258 NRAD 4.90E+28 6.67E-74 | 2.05E+35
J0628+0909 RRAT 7.58E+27 3.76E-80 | 2.79E+29
J0633+1746 HE 1.62E+27 1.92E-76 | 8.11E+32
J0636-4549 - 2.54E+27 7.66E-79 | 4.06E+29
J1811-4930 - 1.81E+27 1.45E-81 | 7.61E+29
J1812-1718 - 4.86E+27 1.32E-77 | 1.09E+31
J0100-7211 AXP-NRAD | 3.88E+29 2.84E-76 | 3.55E+31
J1708-4008 AXP-NRAD | 4.71E+29 1.57E-76 | 1.47E+31
J1808-2024 AXP-NRAD | 2.06E+30 9.86E-75 | 1.27E+33
J1809-1943 AXP-HE 1.27E+29 9.02E-77 | 1.67E+31
J1841-0456 AXP-NRAD | 7.05E+29 2.86E-76 | 2.51E+31
J1907+0919 AXP-NRAD | 7.03E+29 3.34E-75 | 6.59E+32
J2301+5852 AXP-NRAD | 5.83E+28 9.20E-78 | 1.39E+30
J1745-2900 AXP-HE 2.60E+29 1.21E-75 | 3.30E+32
J0525-6607 AXP-NRAD | 7.31E+29 9.56E-76 | 1.24E+32
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Chapter 3. Analysis 3.2. Magnetic field at Light Cylinder and Period of Rotation:

Distribution of data amonge the categeries
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Figure 3.1: Number density distribution of pulsars graph based on ATNF data collected.

3.2 | Magnetic field at Light Cylinder and Period of Ro-
tation:

There are two types of pulsar models'” proposed and observed so far.

1. Polar cap or surface model: The pulses are generated above the magnetic poles of

neutron star and are beamed out along the magnetic field lines.

2. Relativistic Beaming or Light cylinder model : The pulses are formed in the mag-

netosphere of NS, and they account for relativity.

Thomas Gold proposed that the pulsar emission would come from plasma magnetically
trapped in co-rotation of NS at nearly speed-of-light velocity radius(R).
Note: Radius at light cylinder does not mean radius, but in fact it refers to the angu-

lar velocity at which the beam is being processed along the direction of emission.

Co-rotating field lines emerging from the polar caps across the light cylinder, an imagi-
nary cylinder is centered on the pulsar and aligned with the rotation axis whose radius
at co-rotating speed is equal to the speed of light, so these field lines cannot close. Elec-
trons in the polar cap are magnetically accelerated to high energies along the open but
curved field lines, where the acceleration resulting from the curvature causes them to

emit curvature radiation that is strongly polarized in the plane of curvature.
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Chapter 3. Analysis 3.2. Magnetic field at Light Cylinder and Period of Rotation:

Period(p) of a pulsar is the time interval between the two pulses received by an ob-
server from the source(Neutron star). Each pulse is calculated from the pulse arrival
time data. ATNF uses pulsar timing to generate intrinsic period and frequency with re-
spect to the barycentric frames. Magnetic field lines at light cylinders(B; ) are the locus
of magnetic field lines that reach out to the light cylinder. Assuming that inertia(l) is
10% g.cm?.

3.2.1 | HE & HE-Binary:

10 pulsars were grouped into one set and were plotted respectively. Each set of category
is analyzed separately using color coded plotting with the help of seaborn library.

The magnetic field strength at light cylinder in Gauss vs spin period in seconds for
high energy pulsar were plotted using a logarithmic scale. Taking log10 on both sides
changes the nature of the graph(figure 3.2).

The spin period is negative because high energy pulsars have a period of less than
one second(1-10 milliseconds) as a result of the logarithmic scale, it is scaling down to
the negative y axis. i.e. for example: log,,0.01 = —2.

The following are the inference made from the plot:

1. J0633+1746 or Geminga has high period and low angular velocity. It is a high
energy emission source as well as gamma source, unlike the other HE pulsars it
behaves different due to its weak pulsar magnetosphere, it has less magnetic field
lines at the light cylinder.

2. J1930+ 1852 and J1124-5916 are young pulsars that have similar periods, first
derivative periods, and age, and hence these points overlap in the graph(figure
3.2). The reason for the similarities are, they are from similar types of nebula.
J1930+ 1852 is from SNR G054.1+00.3 which is a Supernova remnant. J1124-5916
is from SNR G292.0+01.8 which is a wind nebula.

3. These two are young and energetic, hence B is less when compared to J167-5055.
J1930+ 1852 has a companion neutron star which hasn’t been discovered yet, but
it has a higher spin period.

4. J1617-5055, J0205+6449 and J2229+6114 are in the same line than other HE, though
periods are almost the same their B; ¢ is in an increasing order due to its age which
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Chapter 3. Analysis 3.2. Magnetic field at Light Cylinder and Period of Rotation:

is directly proportional to the magnetic field at the light cylinder. For this type of
HE pulsar(upper part of the graph(figure 3.2))their ages are in increasing order.

5. J0534+2200 or crab pulsar has a low period and fast spin compared to the previous
one because of its lower age, it is highly energetic when compared to the previous
one but it has an exceptionally high B;. than the rest of the pulsars because of its
second derivative frequency. The second derivative frequency was observed for
decades. The slow spin-down rate of the pulsar leads to loss of kinetic energy in
the form of electromagnetic radiation. This results in exceptionally high B¢ as
shown in graph(figure 3.2).

6. The second graph(figure 3.2) also involves HE-pulsars with a white-dwarf com-

panion, which is the reason for their peculiar position in the plot.

7. The relationship between the two parameters B;. and P is in the form of linear
relation y = mx + ¢ since they are log-scaled parameters. Although when cross
checked with existing theories we can infer that they are inversely proportional
which on scaling into log-scale gives the same relation that was observed with the
data.

3.2.2 | Comparing to ATNF from the Catalog:

From the graph(figure 3.3), we can confirm that millisecond pulsars and binary millisec-
ond pulsars with a companion(white helium dwarf) are not anomalies but are at lower
regions of plot due to their unique conditions of surroundings caused by their compan-

ion.

Binary-Systems in Plot:

1. PSR J0437-4715: This pulsar has a white dwarf companion. The mass range for the
pulsar and it’s companion are m. = 0.254 4- 0.018M; and m, = 1.76 + 0.2M;.
This pulsar has been said to be the highest in mass-range!’l. From this paper, we
can infer the reason why this binary system is acting as an anomaly in the plot. It
is due to the high mass and anomalous accretion from the companion. Hence the
more spin-power and magnetic-field generation or emission of energy from the

magnetosphere is high also known as Light cylinders.
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PSRCAT plot (Catalogue v1.64)

Source: http://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 3.2: PSRCAT plot between magnetic field at light cylinder and spin-period.

2. PSR J0218+4232: From the data and paper! It has period of 0.002323s. It has the
companion [BVK2003] X — Star which is a low mass G-type star of mass around
1M;. There are two more objects which are close to this binary system among
them one of it is a radio source which could be a neutron-star and the other is a
star of unknown type.

This could be the cause for such high spin-period of the pulsar J0218+4232 and
the high B¢ value in the plot can be assumed due to the accretion from it’s
companion-star gaining rotational KE and hence being able to produce high en-

ergy emissions through the magnetosphere also known as the flux from By c.
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Chapter 3. Analysis

3.2. Magnetic field at Light Cylinder and Period of Rotation:

SIMBAD source

main_id PSR 10218+42
ra 34.5265016667
dec +42.5381569444
coo_err_maj 0.015
coo_err_min 0.011
coo_err_angle 0

nbref 306
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dec_sexa +42'32 17.365

main_type Pulsar
nthar tunac Derlnam iDer

SIMBAD source

main_id WN B0214.9+4218
ra 34.5270000000
dec +42.5379000000
coo_err_maj 2.400
coo_err_min 2.400
coo_err_angle 20
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dec_sexa +42 32 16
main_type Radie
other_types Rad

SIMBAD source

main_id [BVK2003] Y
ra 34,5258083333
dec +42,5380555556
coo_err_maj

coo_err_min

coo_err_angle 172

nbref 1

02 18 06,194
dec_sexa +42 32 17.00
main_type Star
other_types =

ra_sexa

| SIMBAD source

main_id [BVK2003] X

ra 34.5265166667
dec +42,5381666667

coo_err_maj

COO_err_min
coo_err_angle 172
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02 18 06.364
dec_sexa +42 32 17.40
main_type Star
other_types *

ra_sexa

Figure 3.3: Data from SIMBAD source on stars-x, G,neutron-star, J0218+4232.

3. J2124-3358 has an unnatural position in the plot, this is due to the bow shock

which in turn suggests that the MSP gained significant mass during recycling
and then lost its companion. Hence it has high angular velocity and low period
compared to all other HE-Pulsars despite it’s old age, and high Luminosity due to
the accretion from it’s lost companion.

(4]

From the paper'¥, we can infer the following;:

1. Both the pulsars J2124-3358 & J0437-4715 are having binary companion of
NS(predicted) and a WD respectively. Both of them have produced bow-shocks
at detection through the NASA Hubble Telescope.

2. This could be the reason for both of them having a similar range of period and

position in the plot as shown.

The properties for the bow-shock formation and characteristics can be extracted

from the paper "The Asymmetric Bow Shock/Pulsar Wind Nebula of PSR J2124-3358"[¢),

3.2.3 | AXP & AXP-Binary:

J1841-0456 is one of the high period pulsar and low speed rotating pulsar which
is located in center of supernova remnant 4C -04.71(not yet confirmed to be super-
nova remnant). It has a high period due to high magnetic field rather than because

of loss of kinetic energy due to rotation. Even glitch activities are less.

J1808-4008 and J1841-0456 have relatively same period and low magnetic field
lines at light cylinder because J1808-4008 because of its characteristic age, it ex-
hibits same properties as J1841-0456. The minute difference in the magnetic field
at light cylinder is because of the number of glitches(J1808-4008 - 3, J1841-0456 - 4).
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Figure 3.4: Plot between spin-period and magnetic field at light cylinder radius in loga-
rithmic scale.

J0100-7211 - due to its surroundings, which is in a Small Magellanic cloud. It has
high spin down rate when compared to J1808-4008, J1841-0456 which resulted in
high rotational velocity, because of the nearby stars [DV2005] Z, [DV2008] 5,GSC2
$01020208968 within the 1 arcsec distance to the pulsar they are lying because of
which light cylinder radius is significantly compared to theoretical value.

J0100-7211 and J0525-6607 are exhibiting same period and has a small difference
in magnetic field at light cylinder. J025-6607 is found in outer galaxy Super-Nova
remnant 052566.1, which is also known as N49. Though the surface Magnetic
field is high but the inside light cylinder, it significantly less. Here in the case
of J0525-6607, there are continuous burst outs and flares. In both of the pulsars
the surroundings are effecting significantly high compare to age, Magnetic field at
surface.
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[&] SIMBAD source
main_id SV* HV 12149

ra 14.7091179920

dec -72.3098649570
coo_err_maj 0.000

coo_err_min 0.000

coo_err_angle 20

nbref 29

ra_sexa 00 58 50.18832
dec_sexa -72 18 35.5138
main_type AGB*

other_types  Mi*|AB=| [AB*|V* |IR
radvel 163.3000

redshift 0.000545

sp_type M8.5I1

morph_type

plx 0.0893

pmra 0.97

pmdec

Y din
b = Thumbnails

Figure 3.5: Optical image of J0100-7211 with it’s surroundings(very dense cloud). green
square is a pulsar in it’s host nebulae.
Source : Aladdin Lite

3.2.3.1 | Anomalies Observed:

J1808-2024 is binary with very massive companion as [KMN95] Star A , which
is a supergiant star because of which it is exhibiting low period and has good
magnetic dipole at light cylinder. It is not a anomaly in reality because of lack
of binary AXP-NRAD pulsar in our data, it is acting as anomaly. Similar to HE

binary pulsars, they are following lower region of logarithm graph.

J1907+0919 is a counterpart of pulsar 1900+14 , which is in open cluster, that’s the
indication of ultra high magnetic field and high spin down rate because of which

is having high By values compared to others.

The reason for J1808-2024 and J1907+0919 are having a bit same derived param-
eters(because of log-log scale period is not noticed as same in our graph but are
similarly acting for good amount of data) is that J1907+0919 is not confirm to be
binary but it has similar conditions as binary . It might be orbiting but involved in
accretion yet or Pulsar 1900+14 has burst out might be effecting the this pulsar.

J2301+5852 (IE 229+586 ) is a one among three pulsars which are detected in galac-
tic supernova remnant, this one is SNR G109.1-01.0 which is actual anomaly,
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though it is not seems to be acting like that in our graph but it is a anomaly in
reality because of anti-glitch mechanism is reducing the spin down rate and due
to near by high mass binary X-rays it might be acting as anomaly.

(%] catalogues
» [IsMBAD
+»[JGaia EDR3
»J2mAss

[ Thumbnails

Figure 3.6: DSS2 colored in optical band image of J0525-6607(name changed to SGR
0525-66)
Source : Aladdin Lite

From figure 3.7:

a) J1809-1943] and J1745-2900 are AXP-HE pulsars.

b) J1809-1943 is a young pulsar, there are no significant role of glitches or burst
outs. There very few reason for it to have low period compared to other nor-
mal AXP-NRAD one is it is a from young supernova remnant G11.2-0.3.The
other reason is it having high energy and x ray burst outs may be because of

environmental conditions.

¢) J1745-2900 is a magnetar which is orbiting around the black hole Sagittarius
A. By is high because of presence of Black hole but the reason why it is not
having high as binary AXP-NRAD is the pulsar is orbiting the black hole,
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Chapter 3. Analysis 3.3. Radius & Luminosity:
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Figure 3.7: Plot of magnetic field at light cylinder radius and spin-period for AXP.

the rate of change of period or first derivative of period changes while rotat-
ing, during each Epoch in orbit, the total temperature changes which in turn
effects the period.

3.3 | Radius & Luminosity:

Most of the objects in the data have comparably equal radius values. This is
maybe considered due to the assumption of constant moment of inertia(as I =
10 gm /cm?) of the pulsars. The Rys values are calculated using an empirical
relation (equation 3.1) using the known parameters.

IPP
Rys = (—5-)"° 3.1
This relation is obtained by using the equation 3.2
_ 2|m|?sin” &
e 62

3Ic3
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Figure 3.8: Plot between radius of pulsars and luminosity in logarithmic scale.

Luminosity:

We have used the known parameters to determine the luminosity values by de-
veloping an empirical relation as shown in equation 3.3
1P

The relation from the graph and empirical relation:

The radius values for various pulsars are approximately similar and the luminos-
ity values are distributed as on the same line (parallel to the x-axis) because the
calculated values for radius are similar. These values (radius) were calculated us-
ing inertia, which in turn was calculated using equation 3.4 which solely depends

on the known parameters:
AL/AE = w™! (3.4)

Since, the moment of inertia(I) is mostly constant for the neutron star, the an-
gular velocity decreases in accordance with decrease in rotational kinetic energy.
And this loss of energy is mostly released from the magnetosphere of the neu-

tron stars or pulsars in the form of EM-emissions along the direction of magnetic
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Chapter 3. Analysis 3.3. Radius & Luminosity:

field lines(magnetosphere) for the pulsars which follow the light cylinder model
of pulsars, and for canonical model of pulsars or neutron stars, the energy is re-
leased along the same direction as directed by the magnetic polar caps or poles.
This energy release in form of EM-emissions through magnetic field lines, acceler-
ates the particles producing high energy beams of photons due to high magnetic
field intensity.

Hence, the rate of rotational kinetic energy loss(E) explains the relation with change
in angular velocity which indirectly relates that lower the spin-period(*P), higher
the rotational KE loss which means they are producing High energy beams(mostly
X-ray Gamma). These pulsars are known as High Energy pulsars. Although most
of the neutron stars release X-ray beams, they are considered as ordinary neutron
stars. And the objects which are mostly having very low spin-period(P) can pro-
duce High Energy emissions(mostly millisecond timescale objects). This explains

the indirect reason for luminosity.

We have direct relationship for E and I(indirectly proportional to Period), and
from the figure 3.9 we can infer the following:

1. E is less for the AXP_NRAD compare to High energy pulsar and NRAD because
AXP_NRAD has high period and slow rotation. Minute changes in AXP_NRAD
is because of difference in first derivate period, which in turn changes the charac-
teristic age. E is high for for HE pulsars because spin-period is low and they have
high angular velocity(w) in turn resulting in high kinetic energy loss due to spin.
The reason why binary HE pulsars are loosing less kinetic energy than the High

energy pulsars is because of accretion with it's companion white dwarf.

2. E of J0218+4232 has higher value than J0437-4715 relatively because relatively
high period may be due to surrounding Radio source which is 1.61 arcsec distance
from the pulsar.

3. RRAT is observed to be not exhibiting the characteristics of millisecond pulsar
because of quasar which 40 degrees away from pulsar in polar coordinate. Due
to no proper research done on this pulsar, the data which we received alone with

inseparable quasar data, it is acting as an anomaly in our graph
Anomalies:

J0537-6910 is a NRAD having high E because of the rapid spin-down period excep-
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Figure 3.9: Plot between spin-down luminosity(loss of rotational KE) and moment of
inertia.

tionally because of high density. I strongly say this an anomaly because it is losing
energy faster than any other pulsars detected, it is even having high spin-down
luminosity conformed by LIGO. The reason for this pulsar to have high E dot is
constant glitch activities. Pulsar glitch is a phenomenon where pulsar suddenly

increases its spin rate.

Based on paper from [LIGO Scientific Collaboration - The science of LSC research]
on Diving below the spin-down limit: Constraints on gravitational waves from
the energetic young pulsar PSR J0537=6910".

J0633+1746 is middle age neutron which was observed to emit electron-positron
pair, now it is in stage between the HE and Non radio emission. According to
updated version of ATN version it is High Energy, We conclude from graph that

it is acting as anomalys because of it’s transit state.

J212-3358 is a millisecond pulsar which lost the companion which was a neutron
star recently, due to which spin down of this pulsar is very low though period is
similar to other HE pulsar. Due to less spin down the loss of kinetic energy is low

for this middle age star.
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3.4 | Rate of Change of Spin and Magnetic Moment:

Magnetic Moment(m):

Magnetic moment can be also be defined as dipole moment or the characteristic
magnetic filed of a pulsar. Through the magnetic dipole inclination we can deter-

mine the electromagnetic radiation at a particular rotational frequency.

Rotating pulsars have extremely strong magnetic fields, this creates an angle be-
tween the rotation axis and magnetic axis. This causes electromagnetic radiation.
when a pulsar loses it energy, rotational energy compensates for the loss by emit-
ting electromagnetic radiation, which in turn leads to a decrease in the angular
velocity.

If we consider the neutron star as a magnetized rotating body. We can define the

spin down torque as shown in equation 3.5:

_2mPw’ sin? B

0 (3.5)

here:

a) T = torque due to spin-down
b) m = magnetic moment

¢) B =inclination of magnetic axis w.r.t rotational axis

The Moment of inertia forces the magnetic moment to remain stable. The relation

between moment of inertia and Period(P) can be explained by equation 3.6

. mP?

Torque can be defined as the rotational analogue of force. By co-relating the above

two equations we can deduce equation 3.7 for magnetic moment of a neutron star.

[3PPIc3

The magnetic moment and the first derivative of AXP-NRAD are high compared
to HE and NRAD because the magnetic field of magnetars is very high with rapid
spin-down. In AXP-NRAD, AXP-HE there is a minute difference because of the

difference in magnetic field lines.
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Figure 3.10: Plot between rate of change of spin-period and magnetic moment of pulsar.

Anomalies:

a) J0628+0909 is a RRAT is between the HE and AXP-NRAD which is a anomaly
in reality because of it’s less spin down though it is a millisecond pulsar.

b) J18460258 has different moment values compared to other two NRAD pul-

sars because of the high spin-down period caused by its glitch activities,

which is comparable to loss of kinetic energy property.

c) Last three pulsars are having very less moment and spin down period be-

cause one J2124-3358 is a millisecond pulsar with lost companion, so it is

having less spin down ratel! then other two millisecond pulsar with binary

companion.

d) J0218+4232 is having low magnetic moment than J0437-4715 due to change

in companion massl/, the radius changes that in turn results in minute differ-

ence in two binary HE with helium white dwarf.
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3.4.1 | Attempt to categorize NaN Type Pulsars:

From High energetic pulsar analysis,it has high spin compared to other type of
classifications from the observations made. The test for high energy pulsars is
period , rate of change of period ,loss of kinetic energy due to spin and other

derivable parameters.

From observations made using figure 3.11 & 3.12, it seems to be following in the
HE and NRAD region with respective to graphical or data analysis. The test for
magnetars is Magnetic field at surface, Magnetic field at light cylinder, character-
istic age, if the objects fall in the region AXP and RNAD, it might be a AXP-NRAD

For analysis, we assume that surroundings are not effecting the neutron star.Unknown
pulsars- J1812-1718, J0636-4549, J1811-4930. These are classified as "NaN’ in ATNF
Catalog.

Due to semi-logarithmic nature, it is adding exponential nature to graph, From
graph the unknown may be HE but not AXP-NRAD pulsars. It approximately
exhibits the properties of High energy pulsar. It can be HE or NRAD .

Brc and Age graph, the unknown pulsars seems to lie in AXP region than in HE

region, we can conform from ATNF database.

The upper region of figure 3.13 & 3.14, we can infer them as AXP-NRAD, from

ATNF graph we can conform unknown pulsars exhibit the magnetar properties.

From our analysis, unknown pulsars may exhibit both HE and AXP-NRAD prop-
erties. I reason, i took all three are in category is they have similar observed pa-

rameters and surrounding conditions.

From Parkers high altitude survey®51, the J0636-4549 is observed to be a Ro-
tating Radio transient and fast radio burst which indeed exhibits both properties
such as high flux density for single pulsar. It maybe a RRAD pulsar. FRB may ex-
plain about high magnetic field. J0636-4549 may be a RRAD with extremely high
magnetic property. J1812-1718, J1811-4930 might also be RRAD with high B-field.
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Figure 3.12: For High Energy and unknown category
pulsars.
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PSRCAT plot (Catalogue v1.64)

Source: http://www.atnf.csiro.au/research/pulsar/psrcat
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Figure 3.13: PSRCAT plot of magnetic field at light
cylinder radius and age in logarithmic scale.
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Figure 3.14: Observed plot of magnetic field at light
cylinder radius and age in logarithmic scale.

36



Conclusion

1. J0628+0909 is acting abnormal compared to the other observed pulsars, it is due to the

compact steep-spectrum Quasar 3C 147 which is impacting the observation of pulsar.

2. From the graphs High Energy pulsars are lying in two regions:
a)Region-1 : High energy with no millisecond pulsar and binary companion.

b)Region-2: High energy pulsar with millisecond pulsar and binary companion.

3. J0218+4232 has a low mass companion when compared to J0437-4715 but most of
the properties and behavior is similar because of surrounding objects- [BVK2003] X,
WN B0214.9+4218 which might be the double degenerate system NLTT 11748 affecting
the pulsar and might be a quadrupole system with two binary systems affecting each
other.

4. ]2124-3358 is a millisecond pulsar with lost neutron star companion which is one
of the major reason for this pulsar to be in second region of High energy than in first

region.

5. J0537-6910 is an NRAD pulsar behaves like the HE pulsar because of high spin rate
due to glitch, from LIGO’s data this pulsar turns out to have rapid spin-down rate ever

noted from any other pulsar.

6. J0633+1746 is a HE pulsar but behaving like NRAD pulsar because of it’s less spin
rate than other HE pulsar, It might be intermediate stage of accretion and ejection of
energy. The reason why we arrived at this conclusion is it is observed to be emitting

positron and electron pairs but the first derivation period is less than
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Chapter 4. Conclusion

7. Unknown pulsars J1812-1718, J0636-4549,]J1811-4930 might be a Rotating radio tran-
sient pulsar with high magnetic field, it exhibits both AXP and HE properties.

38



References

[1] Baade, W. and Zwicky, F, 1934. Cosmic rays from supernovae. Proceedings of
the National Academy of Sciences, 20(5) http://articles.adsabs.harvard.edu/pdf/
1934CoMtW...3...79B

[2] Lattimer, J.M. and Prakash, M., 2004. The physics of neutron stars. science,
304(5670).https://arxiv.org/pdf/astro-ph/0405262 . pdf

Larson, R.B., 2003. The physics of star formation. Reports on Progress in Physics,
66(10).https://arxiv.org/pdf/astro-ph/0306595.pdf

[4] Larson, R.B., 2003. The physics of star formation. Reports on Progress in Physics,
66(10),https://arxiv.org/pdf/astro-ph/0306595. pdf

[6] HEWISH, A., BELL, S., PILKINGTON, J. et al. Observation of a Rapidly Pulsating
Radio Source (Reprinted from Nature, February 24, 1968). Nature 224, 472 (1969).https:
//doi.org/10.1038/224472b0

[8]Manchester, R.N., Hobbs, G.B., Teoh, A. and Hobbs, M., 2005. The Australia tele-
scope national facility pulsar catalogue. The Astronomical Journal, 129(4), p.1993.https:
//arxiv.org/pdf/astro-ph/0412641.pdf

[11]Mereghetti, S., 2001, December. The anomalous x-ray pulsars. In AIP Conference
Proceedings (Vol. 599, No. 1, pp. 219-228). American Institute of Physics.https://doi.org/10.1063/1.1434635

[12]Gavriil, E. P, Kaspi, V. M., Woods, P. M. (2002). Magnetar-like X-ray bursts from
an anomalous X-ray pulsar. Nature, 419(6903), 142-144. doi:10.1038 /nature01011

39



Chapter 5. References

[14] X-ray Binaries (M.C Ramadevi, JRF, ISRO Satellite Centre) - Available at - http:/ /www.iucaa.in/ di-
pankar/ph217/contrib/xrb.pdf

[16] Lyne A.G. (2009) Intermittent Pulsars. In: Becker W. (eds) Neutron Stars and
Pulsars. Astrophysics and Space Science Library, vol 357. Springer, Berlin, Heidelberg.
- Available at - https://doi.org/10.1007/978-3-540-76965-1_4

[20] Hermsen, W., Kuiper, L., Verbunt, F.,, Lyne, A., Stairs, I., Thompson, D.]. and
Cusumano, G., 2000, April. Observation of the millisecond pulsar PSR J0218+ 4232 by
EGRET. In AIP Conference Proceedings (Vol. 510, No. 1, pp. 257-261). American Insti-
tute of Physics.https ://doi.org/10.1063/1.1303214

[24] Camilo, F.,, Manchester, R.N., Gaensler, B.M., Lorimer, D.R. and Sarkissian, J.,
2002. PSR J1124-5916: Discovery of a Young Energetic Pulsar in the Supernova Rem-
nant G292. 0+ 1.8. The Astrophysical Journal Letters, 567(1), p.L71. https://arxiv.
org/pdf/astro-ph/0201384.pdf

[25] Kargaltsev, O., Pavlov, G.G. and Wong, J.A., 2008. Young energetic PSR J1617-
5055, it’s under luminous nebula and unidentified TeV source HESS J1616-508. https:
//arxiv.org/pdf/0805.1041.pdf

[26] Sakurai, I., Kawai, N., Torii, K.I.,, Negoro, H., Nagase, F,, Shibata, S. and Becker,
W., 2001. ASCA Observation of the Millisecond Pulsar PSR J2124 3358. Publications of
the Astronomical Society of Japan, 53(3), pp.535-538.

[27] Halpern, J.P., Camilo, F.,, Gotthelf, E.V., Helfand, D.J., Kramer, M., Lyne, A.G.,
Leighly, K.M. and Eracleous, M., 2001. PSR J2229+ 6114: discovery of an energetic young
pulsar in the error box of the EGRET source 3EG J2227+ 6122. The Astrophysical Journal
Letters, 552(2), p.L125. https://iopscience.iop.org/article/10.1086/320347/meta

[30] Gavriil, FP., Kaspi, V.M. and Roberts, M.S.E., 2004. Phase-coherent timing of
PSR J1811-1925: the pulsar at the heart of G11. 2-0.3. Advances in Space Research, 33(4),
pp.592-596.https://doi.org/10.1016/j.asr.2003.07.028

[31] Manchester, R.N., 2007, October. Searching for a Pulsar in SN1987A. In AIP
Conference Proceedings (Vol. 937, No. 1, pp. 134-143). American Institute of Physics.

40



Chapter 5. References

https://doi.org/10.1063/1.3682894

[32] Camilo, F., Ransom, S.M., Halpern, J.P,, Alford, J.A.J., Cognard, I., Reynolds, J.E.,
Johnston, S., Sarkissian, J. and Van Straten, W., 2016. Radio disappearance of the mag-
netar XTE J1810-197 and continued X-ray timing. The Astrophysical Journal, 820(2),
https://arxiv.org/pdf/1603.02170.pdf

[35] Vasisht, G. and Gotthelf, E.V.,, 1997. The discovery of an anomalous X-ray
pulsar in the supernova remnant Kes 73. The Astrophysical Journal Letters, 486(2),
https://iopscience.iop.org/article/10.1086/310843/pdf

[36] Shitov, Y.P.,, Pugachev, V.D. and Kutuzov, S.M., 2000. Low Frequency Radio
Emission of Pulsar PSR J1907+ 0919 Associated with the Magnetar SGR1900+ 14. In
International Astronomical Union Colloquium (Vol. 177, pp. 685-689). Cambridge Uni-
versity Press.2000ASPC..202..685. http://articles.adsabs.harvard.edu/pdf/2000ASPC.
.202..6858

[37] Kaspi, V.M., Bailes, M., Manchester, R.N., Stappers, B.W., Sandhu, ].S., Navarro,
J.and D’amico, N., 1997. Discovery of the Young, Energetic Radio Pulsar PSR J1105-6107.
The Astrophysical Journal, 485(2) https://iopscience.iop.org/article/10.1086/304462/
pdf

[38] Parthasarathy, A., Shannon, R.M., Johnston, S., Lentati, L., Bailes, M., Dai, S.,
Kerr, M., Manchester, R.N., Ostowski, S., Sobey, C. and van Straten, W., 2019. Timing of
young radio pulsars-I. Timing noise, periodic modulation, and proper motion. Monthly
Notices of the Royal Astronomical Society, 489(3), pp.3810-3826.https://arxiv.org/
pdf/1908.11709.pdf

[39] Chmyreva, E.G., Beskin, G.M. and Biryukov, A.V., 2010. Search for pairs of
isolated radio pulsars—Components in disrupted binary systems. Astronomy letters,

36(2), pp-116-133.https://doi.org/10.1134/31063773710020040

[40] On magnetic fields of radio pulsars - Available at - https://arxiv.org/pdf/
1608.08525. pdf

41



Chapter 5. References

[44] Malov, LE, 1990. Angle between the magnetic field and the rotation axis in
pulsars. Soviet Astronomy, 34, http://articles.adsabs.harvard.edu/pdf/1990SvA.
...34..189M

[45] Good, M.L. and Ng, K.K., 1985. Electromagnetic torques, secular alignment, and
spin-down of neutron stars. The Astrophysical Journal, 299, http://articles.adsabs.
harvard.edu/pdf/1985ApJ. ..299..706G

[46] Ott, C.D., Burrows, A., Thompson, T.A., Livne, E. and Walder, R., 2006. The
spin periods and rotational profiles of neutron stars at birth. The Astrophysical Journal
Supplement Series, 164(1), p.130.https://arxiv.org/pdf/astro-ph/0508462. pdf

[47] Law, C.J., Bower, G.C., Pokorny, M., Rupen, M.P. and Sowinski, K., 2012. The
RRAT Trap: Interferometric Localization of Radio Pulses from J0628+ 0909. The Astro-
physical Journal, 760(2), p.124. https://arxiv.org/pdf/1208.6056.pdf

[48] Swiggum, ].K., Rosen, R., McLaughlin, M. A., Lorimer, D.R., Heatherly, S., Lynch,
R., Scoles, S., Hockett, T., Filik, E., Marlowe, ].A. and Barlow, B.N., 2015. PSR J1930-1852:
A Pulsar in the Widest Known Orbit Around Another Neutron Star. The Astrophysical
Journal, 805(2), p.156. https://iopscience.iop.org/article/10.1088/0004-637X/805/
2/156/meta

[50]Rane, A.; Lorimer, D. R.; Bates, S. D.; McMann, N.; McLaughlin, M. A.; and Ra-
jwade, K., "A Search For Rotating Radio Transients And Fast Radio Bursts In The Parkes
High-Latitude Pulsar Survey" (2016). Faculty Scholarship. 451. https://researchrepository.
wvu.edu/faculty_publications/451

[51]Igor F Malov, Pulsars in supernova remnants, Monthly Notices of the Royal As-
tronomical Society, Volume 502, Issue 1, March 2021, Pages 809-817 https://doi.org/
10.1093/mnras/stab007

[52]K. Mori, E. Gotthelf, S. Zhang, H. An, F. Baganoff, N. Barriere, A. Beloborodov,
S. Boggs, E. Christensen, W. Craig, F. Dufour, B. Grefenstette, C. Hailey, F. Harrison, J.
Hong, V. Kaspi, J. Kennea, K. Madsen, C. Markwardt, M. Nynka, D. Stern, J. Tomsick
and W. Zhang, "NuSTAR DISCOVERY OF A 3.76 s TRANSIENT MAGNETAR NEAR
SAGITTARIUS A*",2021. .https://iopscience.iop.org/article/10.1088/2041-8205/
770/2/123/pdf

42



Chapter 5. References

[53]The long-term enhanced brightness of the magnetar 1E 1547.0-5408 Francesco
Coti Zelati, Alice Borghese, Nanda Rea, Daniele Vigano, Teruaki Enoto, Paolo Esposito,
José A. Pons, Sergio Campana and Gian Luca Israel AA, 633 (2020) A31 DOI: https:
//doi.org/10.1051/0004-6361/201936317

[54]R. N. Manchester, G. B. Hobbs, A. Teoh, and M. Hobbs Australia Telescope Na-
tional Facility, CSIRO, https://iopscience.iop.org/article/10.1086/428488/pdf

Books:

Chaisson, Eric, and Steve McMillan. Astronomy Today. 8 ed., Pearson, 2014.(Chaisson
and McMillan )

Websites:

[5] Neutron star | COSMOS - Available at- https://astronomy.swin.edu.au/cosmos/
N/Neutron+Star

[7] Neutron star (Wikipedia) - Available at - https://en.m.wikipedia.org/wiki/

Neutron_star

[9] Pulsar (Wikipedia) - Available at - https://en.wikipedia.org/wiki/Pulsar#

Categories

[10]Anomalous X-ray Pulsar | COSMOS - Available at - https://astronomy.swin.

edu.au/cosmos/A/Anomalous+X-ray+Pulsar

[13] Binary Pulsars | COSMOS - Available at https://astronomy.swin.edu.au/

cosmos/b/Binary+Pulsars

[15] Pulsar | COSMOS - Available at - https://astronomy.swin.edu.au/cosmos/p/

pulsar

[17] Rotating Radio Transient (Wikipedia) - Available at - https://en.wikipedia.

org/wiki/Rotating_radio_transient

43



Chapter 5. References

[18] The Magnificent Seven (neutron stars) (Wikipedia) - Available at - https://en.

wikipedia.org/wiki/The_Magnificent_Seven_(neutron_stars)

[19] 3C 58 (PSR J0205+6449) (Wikipedia) - Available at - https://en.wikipedia.
org/wiki/3C_58

[21] PSR J0437-4715 | COSMOS - Available at -https://astronomy.swin.edu.au/
cosmos/P/PSR+J0437-4715

[22] PSR J0437-4715 (GSFC NASA) - Available at - https://heasarc.gsfc.nasa.
gov/docs/rosat/gallery/misc_pulsar_psr.html

[23] Crab Pulsar (Wikipedia) - Available at-https://en.wikipedia.org/wiki/Crab_

Pulsar#cite_note-20
[28] Geminga (Wikipedia) - Available at-https://en.wikipedia.org/wiki/Geminga

[29] “Why is the X-ray pulsar J0537-6910 slowing down so rapidly” (LIGO Scientific
Collaboration) - Available at-https://www.ligo.org/science/Publication-03J0537-6910/

[33] SGR J1745-2900 (Wikipedia) - Available at - https://en.wikipedia.org/wiki/
SGR_J1745%E2%,88%922900

[34] PSR J0100-7211 (Wikipedia) - https://fr.wikipedia.org/wiki/PSR_J0100-7211

[41] Pulsar Characteristic Age | COSMOS - Available at-https://astronomy.swin.

edu.au/cosmos/p/pulsar+characteristic+age

[42] ATNF Pulsar Catalog (GSFC NASA) - Available at - https://heasarc.gsfc.
nasa.gov/W3Browse/all/atnfpulsar.html

[43] Essential Radio Astronomy, Chapter 6, Pulsar (James J. Condon and Scott M.
Ransom) - Available at - https://www.cv.nrao.edu/ sransom/web/Ch6.html

[49] Hulse-Taylor Binary (Wikipedia) - Available at - https://bit.1ly/3085ad0y

44



