
���������� �����	�
 ���� �
 �������������������������������������������������������������������������������������������� ������������������������

�� ������������ �� ������������������������� ��

�! �����������������������"������ �#�$�#�%

�
 �����&�����������' �������������� �� �����������������������(���#�$�#�%�(�������	�
 ���� �
 ������������������������������������������������������������
�) ���������������������������� �������������������������(���* �+���������������������) ���������������������' ���������&�����' ����� �(

�������������������������������������� �* �����������������������������,�
 ���������������-

�
 ���&������ �. ���#�$�#�%��������� ������ �����������������(�����������������/�0�0���������������������1�1�������(�����&�0�����������������0
���������������"�0�2�(�$�0

�3���� ���������"���"������ �#�$�#�4���5�$���$�4���$�4�/�%�#�/�5�#

�������1���"���� ���������"���"
�������1

�����������/�0�0���"���(�������"�����(�������0�5�$�2�4�6�0�5�4�%�4�7

https://hdl.handle.net/10468/16367


I-LOFAR Observations of the Transient

Universe at Low Frequencies

Jake Kyprianou

A thesis presented for the degree of

Master of Science

University College Cork

Department of Physics

Head of Department: Prof. John McInerney

Supervisor: Prof. Paul Callanan

2023



Contents

1 Radio Astronomy 1

1.1 Interferometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

1.2 Propagation E�ects . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1.2.1 Maxwell's Equations . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Plasma Frequency . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.3 Dispersion . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.2.4 Faraday Rotation . . . . . . . . . . . . . . . . . . . . . . . 12

1.2.5 Scattering Broadening . . . . . . . . . . . . . . . . . . . . 12

1.2.6 Scintillation . . . . . . . . . . . . . . . . . . . . . . . . . . 13

1.3 LOFAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.4 I-LOFAR and REALTA . . . . . . . . . . . . . . . . . . . . . . . 16

1.4.1 Sensitivity . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

1.5 Using REALTA . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.5.1 Pre-processing . . . . . . . . . . . . . . . . . . . . . . . . . 20

1.5.2 RFI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

1.5.3 Heimdall . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2 Radio Transients 28

2.1 Neutron Stars . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

2.1.1 Magnetars . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.2 Fast Radio Bursts . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.3 FRB180916B . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

ii



CONTENTS CONTENTS

2.4 SGR1935+2154 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.5 FRB Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.5.1 Synchrotron Emission . . . . . . . . . . . . . . . . . . . . 42

2.5.2 Masers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

2.5.3 The Synchrotron Maser . . . . . . . . . . . . . . . . . . . 45

3 FRB180916B 48

3.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

3.2 Observations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

3.3 Fluence Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

3.4 Burst Rate . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

3.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

4 SGR1935+2154 59

4.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.2 Fluence Limits . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

5 Conclusions 64

5.1 Observing Triggers . . . . . . . . . . . . . . . . . . . . . . . . . . 65

5.2 LBAs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.3 Further I-LOFAR Observations . . . . . . . . . . . . . . . . . . . 67

5.4 Future of FRB Science . . . . . . . . . . . . . . . . . . . . . . . . 68

6 Appendices 70

6.1 Abbreviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

6.2 Command List . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

I-LOFAR Observations
of the Transient Universe
at Low Frequencies

iii Jake Kyprianou



CONTENTS CONTENTS

Declaration

This is to certify that the work I am submitting is my own and has not been

submitted for another degree, either at University College Cork or elsewhere. All

external references and sources are clearly acknowledged and identi�ed within

the contents. I have read and understood the regulations of University College

Cork concerning plagiarism and intellectual property.

I-LOFAR Observations
of the Transient Universe
at Low Frequencies

iv Jake Kyprianou



CONTENTS CONTENTS

Abstract

This work concerns using the Irish radio telescope, I-LOFAR, to observe the

recent astronomical phenomenon of Fast Radio Bursts. Fast Radio Bursts are

a novel type of radio transient, extremely powerful radio bursts that last only a

few milliseconds. All but one of these bursts has come from beyond our Galaxy.

The discovery of a repeating FRB source FRB180916B that produces bursts in a

5-day long window every 16 days prompted the question, could we use the Irish

LOFAR telescope to observe these bursts? Recent detections of FRB180916B by

a variety of telescopes across a range of frequencies has seen abnormal behaviour

in bursts at low frequency. If I-LOFAR could be used to observe FRBs we could

investigate this behaviour in other repeaters.

In this thesis I investigate using I-LOFAR to make such a detection. Using

72 hours on FRB180916B and 8 hours on Galactic magnetar SGR1935+2154

which was found to be a Galactic FRB source. No bursts were detected above


uence thresholds of 200 Jy ms and 273 Jy ms respectively at 150MHz. I present

theoretical arguments on the viability of detecting an FRB, based on observa-

tional properties of FRBs and the limitations of I-LOFAR. I also discuss the

other implications of our non-detection based on new knowledge of the activities

of these two sources. The consequences of a potential successful detection in

the future are discussed as are possible strategies to maximise our chances of a

detection.

The data processing is performed using the REALtime Transient Acquisition

cluster, REALTA, located at the site of I-LOFAR in Birr, Co. O�aly.
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Chapter 1

Radio Astronomy

This section is based on Burke, Graham-Smith, and Wilkinson 2019 and Thomp-

son, Moran, and Swenson 2017. More direct references to these works and others

will be made for clarity when necessary.

The 20th century saw rapid technological advancements in all �elds of science.

In 1933 Karl Jansky, a radio engineer working at Bell Labs, discovered radio

waves originating from the constellation Sagittarius. This was the �rst known

detection of an extraterrestrial radio signal. It would later be determined that

the source of this radio signal was emission relating to a large black hole at the

centre of the Galaxy.

The Second World War saw further accelerated development of radio technol-

ogy for military use, in particular large active RADAR (RAdio Detection And

Ranging) installations which consisted of large dish antennae that were capable

of emitting radio waves and detecting the re
ected waves from aircraft, ships

and clouds. The �eld of radio astronomy began to 
ourish post war, especially

as radio technology continued to advance with civilian, military and scienti�c

interests. Meteorological RADAR systems utilise the S(2.7-2.9 GHz), C(5.6-

5.65 GHz) and X(9.3-9.5 GHz) radio bands for their active RADAR, using the

re
ection of emitted waves at these frequencies to determine the positions of

1



CHAPTER 1. RADIO ASTRONOMY

clouds and rainfall (1). Meteorologists are limited by the small amount of radia-

tion re
ected back from the water droplets in clouds. Astronomers on the other

hand can rely on the low re
ectivity of clouds to make observations of astro-

nomical radio sources through cloud cover. Radio observations are also possible

during the day. This o�ers an advantage over ground based optical observations

which rely on clear, night skies.

Radio telescopes have a major drawback that can be understood by con-

sidering the Rayleigh criterion, the relationship between the maximum angular

resolution � and apertureD of a telescope observing wavelength� :

� = 1:22
�
D

(1.1)

For the case of a single dish antenna, this relationship means that to observe

at a given � , the desired angular resolution can be achieved by increasing the

diameter of the dish. However, radio wavelengths range from mm to m, orders of

magnitude greater than the nm regime of optical wavelengths. Consider for ex-

ample the Fiver-hundred metre Aperture Spherical Telescope (FAST) in China,

the largest single dish telescope in the world. At its shortest operational wave-

length of 10 cm it has a maximum angular resolution of roughly 50 arcseconds.

The James Webb Space Telescope (JWST) in comparison has an aperture of

6.5 m and at 2� m has a� of roughly 0.08 arcseconds. To achieve the same level

of angular resolution at 10 cm as the JWST has at 2� m, FAST would need

to be 600 times larger than it is. The peak strength of a received radio pulse

is usually given in terms of its 
ux density using units of Jansky, where 1 Jy

= 10� 26 Wm� 2 Hz� 1 (Burke, Graham-Smith, and Wilkinson 2019). The total


ux density contained in a pulse (proportional to the total power of the pulse)

is obtained by integrating the 
ux over the pulse width, this is called 
uence

and given in units of Jy ms. The speci�c intensityI of the radiation as it was

emitted from the source can be estimated from the 
ux density of the received

1Use of Radio Spectrum for Meteorology: Weather, Water and Climate Monitoring and
Prediction, Edition 2017 2017.
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1.1. INTERFEROMETRY CHAPTER 1. RADIO ASTRONOMY

signal by accounting for the distance to the source if this is known.

The decibel is a unit used in radio astronomy that describes the power,P,

of a measured signal,I , relative to a reference powerI 0.

P = 10log10

�
I
I 0

�
(1.2)

The brightness temperatureTb can be de�ned as the temperature an object

would have to be to emit the radiation thermally by blackbody radiation. This

can be de�ned using the Rayleigh-Jeans law for some frequency� :

I � =
2� 2

c2
kTb (1.3)

which can be rearranged forTb. If the brightness temperature is higher than

the expected temperature of an object, it hints that the emission mechanism is

non-thermal.

1.1 Interferometry

The solution to this problem is to combine radio antennas by interferometry.

Interferometry is the process where multiple antennas observe the same source

at the same time and their signals are multiplied together and time averaged by a

correlator, accounting for the di�ering arrival time of the signals. The distance

between any two antennas is called the baseline. A setup withN antennae

results in N (N � 1)=2 independent baselines. As each baseline records data of

the same source, over time the orientation of baselines drift with respect to the

source due to the rotation of the Earth. Thus better coverage of the source can

be obtained so that the detailed structure in the source can be resolved. This is

known as aperture synthesis. For astrophysical sources that don't show variation

over small timescales such as quasars this means that a more detailed image can

be constructed by observing the object for longer and with more baselines. The

longest baseline of such a setup can be taken as the aperture for equation 1.1.

I-LOFAR Observations
of the Transient Universe
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1.1. INTERFEROMETRY CHAPTER 1. RADIO ASTRONOMY

Interferometry is employed in radio astronomy on varying scales, from phased

arrays which consist of multiple antennae with cm or m baselines to continental

scale arrays that utilise baselines of thousands of km. Arrays like the Karl G.

Janksy Very Large Array (VLA) and Atacama Large Millimetre Array (ALMA)

implement movable array elements, allowing for baselines to be adjusted be-

tween observations to balance angular resolution and sensitivity to source detail.

Interferometry over large distances is called Very Long Baseline Interferometry

(VLBI), with notable examples including the Very Long Baseline Array (VLBA)

which includes 10 telescopes across the United States with a maximum baseline

of 8,600 km. VLBA wavelengths vary from 90 cm! 3 mm, so the array can

achieve angular resolutions up to 22 mas! 0.17 mas. Also of note is the Event

Horizon Telescope which used radio telescopes in various countries across the

planet with baselines of up to the diameter of Earth to produce images of the

black holes in M81 and our Galaxy.

A phased array points at a region of the sky by introducing a phase shift to

the output of each antenna such that the combined signal interferes to focus on

a speci�c part of the sky. This method is used to point the telescope at a source

and track it, analogous to a movable dish antenna. A notable di�erence is that

the e�ective collecting area of the array varies depending on the angle of the

source in the sky. This area is typically maximised at the zenith and decreases

as the source moves towards the horizon. A movable dish can turn to face a

source and maintains the same collecting area while tracking it.

A beam is the projection on the sky of the collecting area of a radio telescope.

An antenna has a response pattern that is direction dependent, this pattern

is also dependent on the geometry of the antenna. This response pattern is

determined by di�raction theory. The total response pattern is divided up into

a primary beam and sidelobes. The full width at half maximum (FWHM) of the

primary beam is de�ned as the beamwidth. The contribution from the sidelobes

can in
uence the sensitivity of an observation, particularly if the sidelobes are

positioned over a nearby radio source.

I-LOFAR Observations
of the Transient Universe
at Low Frequencies
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1.2. PROPAGATION EFFECTS CHAPTER 1. RADIO ASTRONOMY

1.2 Propagation E�ects

The electromagnetic waves emitted from astrophysical processes do not arrive

at the Earth unperturbed. There are a variety of e�ects that can alter the wave

in some way. Here we will discuss some of these e�ects and how they a�ect

our observations. The radiative transfer function of a medium describes various

propagation e�ects that the medium imposes on radiation that passes through

it. Typically the function accounts for the absorption, emission and scattering

of radiation as we will discuss (see also Rybicki and Lightman 1986).

Firstly it is convenient to introduce some de�nitions and understand the

nature of an electromagnetic wave.

1.2.1 Maxwell's Equations

Electromagnetic radiation is governed by Maxwell's equations. Here we consider

Maxwell's equations with an electric �eld (~E) and magnetic �eld ( ~B) (see chapter

2 of Rybicki and Lightman 1986, note that the text uses cgs units):

r � ~E =
�
�

r � ~B = 0

r � ~E = �
@~B
@t

r � ~B = �
�

~J + �
@E
@t

�

(1.4)

where � is de�ned as the permittivity or dielectric constant, � is the magnetic

permeability, � is the charge density and~J is the current density in the medium.

Note that in vacuum � = ~J = 0, � = � 0, the vacuum permittivity and � = � 0,

the vacuum permeability. The values of� 0 and � 0 relate such that � 0� 0 = 1
c2 .

By introducing the wavevector~k and angular frequency! (! = 2�� ), we can

I-LOFAR Observations
of the Transient Universe
at Low Frequencies
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construct solutions to Maxwell's equations in vacuum of the form:

~E = âE0ei (~k�~r � !t )

~B = b̂B0ei (~k�~r � !t )
(1.5)

whereâ and b̂are unit vectors,~r is the displacement vector andE0 and B0 are the

amplitudes of the electric and magnetic �elds respectively. By substituting these

solutions into Maxwell's equations it is seen that ^a and b̂ are perpendicular to~k,

the direction of propagation, and to each other. Therefore an electromagnetic

wave consists of perpendicular electric and magnetic �eld components that are

mutually perpendicular to the direction of propagation.

Furthermore

E0 =
!
kc

B0 (1.6)

therefore

! = kc (1.7)

which is known as the dispersion relation. It is useful to describe the speed of

the wave as the phase velocity:

vph =
!
k

(1.8)

and the speed of the information contained in the wave as the group velocity:

vg =
@!
@k

(1.9)

In the vacuum case, both of these velocities equal the speed of light,c.

1.2.2 Plasma Frequency

An electromagnetic wave propagating through an ionised medium will be a�ected

by the free electrons present in the medium. Consider a plasma, an ionised gas

that can be thought of as a cloud of free electrons kept globally neutral by a

cloud of ions that themselves do not noticeably a�ect the propagation of our EM

I-LOFAR Observations
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1.2. PROPAGATION EFFECTS CHAPTER 1. RADIO ASTRONOMY

wave. The electron cloud of densityne acts on the incoming EM wave according

to Maxwell's equations (equation 1.4).

By applying the general case of Maxwell's equations to a generic wave of

the form ei (~k�~r � !t ) (chapter 8 of Rybicki and Lightman 1986) it is seen that the

dispersion relation in equation 1.7 becomes

! =
kc
p

�
(1.10)

The permittivity, � , can be described as

� = 1 �
�

!
! p

� 2

(1.11)

where! p is a new quantity de�ned as the plasma frequency.

! p =

s
e2ne

me� 0
(1.12)

By expressing the dispersion relation (equation 1.10) in terms of the wavevector

k and substituting in for � we see that

k =
1
c

q
! 2 � ! 2

p (1.13)

This means that for ! < ! p, k will be imaginary. Therefore an electromagnetic

wave travelling at a frequency below the plasma frequency will not propagate

through the plasma.

The plasma frequency of the Earth's ionosphere is around 10MHz during

the night, though this can increase by a few MHz during the day (Thompson,

Moran, and Swenson 2017).

Another important consequence can be seen by how� relates to the index of

refraction

nr �
p

� =

r

1 �
! 2

p

! 2
(1.14)

I-LOFAR Observations
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showing that the index of refraction is frequency dependent. The group velocity

is then

vg =
@!
@k

= cnr = c

r

1 �
! 2

p

! 2
(1.15)

This means that multi-wavelength emission will see a time delay between di�er-

ent frequency components, with higher frequency radiation arriving �rst. This

e�ect is referred to as dispersion.

1.2.3 Dispersion

The arrival time of a photon from a source at distance,d, along the line of the

sight dl is

T =
Z d

0

dl
vg

(1.16)

By substituting in vg from equation 1.15, we can see thatT becomes

T =
d
c

+ t (1.17)

where the �rst term is a constant, the time of arrival in vacuum, and

t =
e2

2�m ec
1
� 2

Z d

0
ne(l )dl (1.18)

where � is the frequency of the photon ande and me refer to the charge and

mass of the electron. Dispersion measure is de�ned as

DM =
Z d

0
ne(l )dl (1.19)

DM represents the average electron density along the line of sight. As DM is

the only unknown in equation 1.18, a measure of the time delay,t, between two

di�erent frequency signals from the same source can be used to determine DM

and thus allows constraints to be put on the distance to the object and the line

of sight electron density. For an extragalactic source this electron density will

I-LOFAR Observations
of the Transient Universe
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1.2. PROPAGATION EFFECTS CHAPTER 1. RADIO ASTRONOMY

be made up of electrons in the Galaxy (Interstellar Medium - ISM), electrons

in the intergalactic medium (IGM) and electrons local to the source. Measures

of electron density contributions from the Galaxy have been made (Cordes and

Lazio 2002) making DM a useful indicator as to whether a source is Galactic or

extragalactic. Similarly, if the distance to the source can be inferred from other

means (such as localisation to a probable host galaxy), estimates of the electron

density of the IGM can be used to determine the DM contribution from the host

galaxy plus the local environment of the source.

The dispersion of the signal will lead to the signal being smeared in the

frequency integrated power series. This could result in an astrophysical signal

going undetected. To counteract this the dispersion e�ect is accounted for by a

process known as dedispersion. There are two methods of dedispersing a signal,

coherently and incoherently.

Coherent dedispersion is performed on the raw voltages detected by a tele-

scope. This method involves Fourier transforming the signal and convolving it

with a model of the inverse of the transfer function of the ISM. By convolving the

measured signal with a model of the inverse of this transfer function, an approx-

imation of the original signal is returned. This method requires prior knowledge

of the target's DM, however it is possible to iterate this process over a series of

DMs if the DM uncertainty is high (Bassa, Pleunis, and Hessels 2016).

Incoherent dedispersion takes place on a signal that has been split from its

total bandwidth � � into N channels of width � �
N . Using the highest frequency

channel as a reference, the time lag between each frequency and the reference is

calculated using equation 1.18 and each channel is shifted by their corresponding

time lag. In cases where the DM is not accurately known, the dedispersion

is carried out over a range of DMs to �nd where the target emission has its

highest signal to noise ratio. The dispersive smearing within each channel is

not accounted for by this method. A combination of coherent and incoherent

dedispersion provides better overall results (see �gure 1.1).

Due to technical limitations, there will always be some residual dispersive

smearing. This smearing is based on the limited time and frequency resolution

I-LOFAR Observations
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and either the accuracy to which the DM is known or the size of the DM steps

in a search. The smearing is also proportional to the pulse width and DM. This

is described in detail in Cordes and McLaughlin 2003.

Dispersion is a useful tool for Radio Frequency Interference (RFI) excision as

a strong signal at 0 DM is likely to be a source of Earth based RFI as it has not

crossed through any signi�cant ionised regions (more on RFI in section 1.5.2).
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Figure 1.1: A LOFAR HBA observation of J1552+54. The top panels represent
the integrated pulse pro�les, while the bottom panels show the pulse brightness
with respect to time. The left panels were produced using both coherent and
incoherent dedispersion. The right panels used only incoherent dedispersion.
Figure from Bassa, Pleunis, and Hessels 2016.
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1.2.4 Faraday Rotation

A related e�ect from ionised media is Faraday Rotation. In this case, if the wave

is polarised it can be considered to be made up of a Left Circularly Polarised

(LCP) and Right Circularly Polarised (RCP) component. These components see

di�erent indices of refraction in the ionised medium, causing them to propagate

at di�erent speeds and introducing an extra phase between the waves. This e�ect

is known as birefringence. In terms of linear polarisation this e�ect causes the

polarisation position angle (PPA) of the EM wave to rotate as it passes through

the ionised medium. We can describe a Rotation Measure,RM , as

RM =
Z d

0
neB jj dl (1.20)

whereB jj is the magnetic �eld along the line of sight. As the RM can be measured

from the change in the PPAs between di�erent wavelengths, and the DM can be

measured from the time delay, the two measurements can be divided to determine

the line of sight magnetic �eld strength. This is only possible in observations

with su�cient polarisation sensitivity and such measurements have been made

for a small number of FRBs.

1.2.5 Scattering Broadening

While we have dealt with problems arising from the cumulative e�ect of the

ionised media between the source and observer, it is important to consider that

the electron density along the line of sight is neither uniform nor static. Con-

sider a single monochromatic plane wave emitted from a compact source that

encounters a turbulent region of space with a non-uniform density and thus a

varying index of refraction. Some sections of the plane wave pass through lower

density regions unperturbed, but other sections are slowed down and scattered

in the denser regions.

The probability of a photon scattering will depend on the scattering cross

section and density of the region of space they are travelling through. The
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1.2. PROPAGATION EFFECTS CHAPTER 1. RADIO ASTRONOMY

change in path length of the scattered photons causes a temporal broadening of

the pulse. The time delay for a scattered photon that arrives at the observer at

an angle� is

� =
� 2d
c

(1.21)

For a narrow pulse this creates an exponential tail with a decay time, or scat-

tering timescale of� . A simple model for scattering described in Lorimer and

Kramer 2012 derives

� =
�

e2

2�m e

� 2 � n2
e

a
d2� � 4 (1.22)

wherea represents the length of the inhomogenous region the photon has passed

through and � ne describes the variation in electron density in that region. As

these quantities can not be easily measured, it is convenient to consider that

equation 1.22 shows

� / � � 4 (1.23)

This means that the e�ects of scattering increase very quickly at lower frequen-

cies. In practice this scattering timescale is measured from observational data

by �tting the detected pulse to an exponential and the above relation can be

used to estimate the scattering timescale at other frequencies. Note that while

the broadening of the pulse will lower the peak 
ux density, the total power in

the pulse will not change so the total area of the pulse, the 
uence, is preserved.

1.2.6 Scintillation

A secondary e�ect of the scattering process is that scattered photons will arrive at

the observer out of phase with each other. As the photons are no longer in phase,

they will interfere with each other to produce a di�raction pattern. The intensity

of the detected wave by an observer will vary based on whether they receive a

product of destructive or constructive interference at their observing frequencies

and time. Turbulence in the medium of propagation causes the interference

pattern to vary over time. This e�ect is scintillation and it is the same e�ect that
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1.3. LOFAR CHAPTER 1. RADIO ASTRONOMY

causes stars to twinkle in the sky (Burke, Graham-Smith, and Wilkinson 2019).

The scintillation bandwidth � � , the size of a scintille or region of enhanced 
ux

in the frequency domain, is inversely proportional to the scattering timescale

1.23 (Lorimer and Kramer 2012).

� � / � 4 (1.24)

1.3 LOFAR

The LOw Frequency ARray (LOFAR, van Haarlem et al. 2013) is a Europe-wide

array of radio telescopes. The array consists of 24 core and 14 remote stations

in the Netherlands and 14 international stations across Europe. The maximum

baseline between Birr, Ireland and  Lazy, Poland is 1985 km. A map of current

LOFAR stations is shown in �gure 1.2. The international LOFAR stations are

each a phased array consisting of 96 High Band Antenna (HBA) tiles with 16

antennas per tile which can observe between frequencies of 100 and 250 MHz

and 96 Low Band Antennas (LBA) which can operate in the range of 10 and 90

MHz. The internal antennas in each HBA tile are correlated within the tile by a

small correlator, meaning they each act a single antenna. Both sets of antennas

operate in dual polarisations. Each set of HBAs or LBAs are stationary and

con�gured as a phased array. The LBA and HBA antennas were designed to

be cheap and durable, such that the international stations could be set up for

relatively low cost and e�ort across Europe. The international stations also

have 96 Receiver Units (RCUs) which take the signals from the antennas and

�lter, amplify and digitise them. The signal from a remote station is sent to a

correlator in the Netherlands when the system is in international mode, but can

be processed locally if the station is in local mode.

The International LOFAR Telescope (ILT) performs a number of science

goals such as all sky surveys, solar physics, active galaxies and radio transients.

I-LOFAR Observations
of the Transient Universe
at Low Frequencies

14 Jake Kyprianou
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Figure 1.2: A map of the LOFAR network. This map includes a station in Italy
which is not yet completed. This map is taken fromhttps://www.astron.nl/
telescopes/lofar
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1.4. I-LOFAR AND REALTA CHAPTER 1. RADIO ASTRONOMY

1.4 I-LOFAR and REALTA

This section uses information from Murphy et al. 2021 and van Haarlem et al.

2013. The Irish LOFAR station (I-LOFAR, pictured in �g. 1.4) is situated in

Birr Castle, Co. O�aly. I-LOFAR features the REALtime Transient Acquisition

backend (REALTA). REALTA consists of 7 computing nodes with di�erent roles,

including 4 computing nodes (named UCC1-4) which each feature 2 16-core

central processors capable of parallel processing with up to 64 threads per node

and a powerful graphics processing unit (GPU). The total storage available is

close to 500 TB, with over 1 TB of RAM total, allowing for large observations

to be stored and processed on REALTA. The Dublin Institute for Advanced

Studies (DIAS) provides extra storage in their servers for archival purposes.

The frequency and time resolution depends on the clock rate. Using the 200

MHz (150 MHz) clock gives resolutions of 5.12� s (6.4 � s) and 195.3125 kHz

(156.25 kHz) respectively.

REALTA is physically located at the site of I-LOFAR, in the control room

building close to the telescope. REALTA's hardware does not produce detectable

levels of Radio Frequency Interference (RFI, see 1.5.2). Voltages measured from

the antennas are sent by coaxial cables to the ILT cabinet containing the Remote

Station Processing (RSP) boards. While the telescope is in international mode

the digital signal is sent directly to the Netherlands, while in local mode it is sent

to REALTA. The data from the RSPs is split into 4 lanes, typically representing

a quarter of the total observation bandwidth each. The observation bandwidth

can be selected by specifying the observing mode. The observations used in this

work were taken in mode 5, corresponding to a target bandwidth of 110-190

MHz which in practice results in a bandwidth of 102-197 MHz. The I-LOFAR

bandpass spectrum, the response of the system as a function of frequency can

be seen in �gure 1.3 for mode 5 observations. REALTA is accessed and operated

remotely using the Secure Shell Protocolssh.

At 150MHz the Full Width at Half Maximum (FWHM) of the primary beam

from I-LOFAR is 2.07 deg. This gives an FOV (�eld of view) of 3.36 deg2.
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I-LOFAR has been used to observe a wide variety of objects such as the

Sun, Jupiter, radio transients (see section 2) such as pulsars, RRATs and FRBs,

and is also used in Search for Extra-Terrestrial Intelligence (SETI) research. In

particular, single pulse searches which are employed in this work have also been

used to detect RRATs and giant pulses from the Crab pulsar (�gure 1.7).

Figure 1.3: The bandpass spectrum of I-LOFAR in observing mode 5. The x-axis
is given in terms of the subband number, the corresponding frequencies run from
approximately 102-197MHz. Sharp, narrow spikes in this spectrum are sources
of RFI.
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1.4. I-LOFAR AND REALTA CHAPTER 1. RADIO ASTRONOMY

Figure 1.4: An aerial photo of I-LOFAR on the grounds of Birr Castle. The
HBAs are located in the centre of the image, in the roughly circular con�guration
of tarp squares. The LBAs are situated to the right. The control room is in the
bottom left of the image. Image credit: Alison Delaney (Birr Castle)

1.4.1 Sensitivity

To determine the sensitivity of an antenna, or an array in a general case, �rst

consider the System Equivalent Flux Density (SEFD)

Ssys =
2�k
Aef f

Tsys (1.25)

wherek is Boltzmann's constant,� is the system e�ciency, Aef f is the e�ective

area of the antenna(s) andTsys is the system temperature which consists of

Tsky and Tinst the sky and instrument temperatures respectively. The SEFD is

usually expressed in Janskys, where 1 Jy = 10� 26W m� 2 Hz� 1. For LOFAR,
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� � 1, Tinst is measured for each set of antennas andAef f is computed for each

set of antennas as a function of frequency. Using values provided in van Haarlem

et al. 2013, the HBA dipoles for a remote station like I-LOFAR have an e�ective

area given by the following formula;

Aef f = min f
� 2

3
; 1:5625g (1.26)

which for 96 tiles with 16 antennas per tile results in anAef f of 2048 m2 at 150

MHz (2 metres). The sky temperature varies with the location of the source but

can be found in catalogues such as Haslam et al. 1982 and Dowell et al. 2017.

The sensitivity � S (in Janskys) of the system is then:

� S =
Ssysp
2���t

(1.27)

Where �� is the total observing bandwidth and�t is the integration time. A

modi�ed version of this formula is used to compute the sensitivity limits of I-

LOFAR. This will be discussed further in Section 3.3. Another consideration

regarding sensitivity is the location of the source in the sky. If we consider a

source at the zenith to be ideal, deviations from the zenith lower the sensitivity

by a number of factors. For a phased array like I-LOFAR, theAef f decreases

for a source that moves away from zenith, this is partly due to the projected

area of the array changing with respect to the source. Another factor is that

at low altitudes antennae can shield each other. The antennas are optimised to

maximise gain at higher altitudes and thus have lower gain at lower altitudes.

Altitude-related adjustments to sensitivity estimates are taken into account using

computer code to synthesise the shape of the I-LOFAR beam. Examples of this

will be seen in sections 3 and 4. An object at zenith also has the minimum path

length through the Earth's ionosphere to reach the telescope. The ionosphere can

cause scintillation as photons scatter and interfere with each other, as discussed

in section 1.2. The ionosphere also has a plasma frequency which creates a cuto�

on radiation that can pass through it. This cuto� frequency is typically around
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10 MHz, but can increase during periods of excitation (such as during the day)

and will increase with path length. This could be relevant for LBA observations.

1.5 Using REALTA

1.5.1 Pre-processing

The raw data used in this work were recorded by I-LOFAR as UDP (User Data-

gram Protocol) packets and coherently dedispersed before being converted into

SIGPROC (Lorimer 2011) �lterbank format. This conversion was performed

using cdmt (Bassa, Pleunis, and Hessels 2016). After the coherent dedispersion

step, the data are channelised into 3904 frequency channels. In each frequency

channel the two measured polarisations,XX and Y Y are squared and summed

at each time interval. The resultant �lterbank �le stores an array of the to-

tal intensity, I , versus time for each frequency channel. The �les are typically

compressed using zstandard for storage purposes.

The header of the �lterbank �le contains information about the observation,

including frequency and time resolution. An example header can be seen in

�gure 1.5. The �les were decompressed before further processing. The data

were then run through a DSPSRdigif il (van Straten and Bailes 2011) command,

which computed the mean power of the data and normalised each datapoint by

subtracting the mean and dividing the result by the standard deviation such

that every channel has the same average power. The removal of the intrinsic

bandpass spectrum ensures that the signal to noise ratio of any pulse detection

is not skewed by the variability in the antenna gain across the spectrum.
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Figure 1.5: An example of a SIGPROC �lterbank header. This header refers to
the SGR1935+2154 observation.

It should be noted that the steps taken in this work are not applicable to

every I-LOFAR observation. This pipeline was based on the pipeline used by

McKenna et al. 2023 in their census of RRATs using I-LOFAR, which also in-

cluded searching the RRAT data for FRBs. A non-exhaustive list of some of the

key commands used in this work are included in section 6.2
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1.5.2 RFI

Radio Frequency Interference (RFI) is a frequent problem for radio observa-

tions. It is present in all I-LOFAR data from a variety of persistent and tran-

sient sources. FM Radio stations for example are present in the lower part

(sub 105MHZ) of the observing band and these channels are masked in observa-

tions taken during radio broadcasting hours. This can be seen in the bandpass

spectrum in �gure 1.3. Transient RFI can come from a wide range of sources,

typically electrical devices or appliances that are in the vicinity of the telescope.

A microwave oven for example can produce a very powerful and short radio signal

when the door of the microwave is opened while the device is still operating, this

signal can easily be confused for an astrophysical signal as in Petro� et al. 2015.

Motors or power supplies can produce weak periodic signals, but these typically

do not interfere with single pulse searches as these searches focus on strong (7� )

signals that are heavily dispersed. Any strong signal present in the power series

at 0DM can generally be taken to be RFI as long as the astrophysical target is

not expected to be at a very low DM.

RFI excision is performed with the Pulsar Exploration and Search Toolkit

(PRESTO) (Ransom 2011). The commandRFIf ind averages the power of

each channel and 
ags deviations from the mean. The program lists the num-

ber of channels recommended for masking under the relevant criteria. Using a

python script provided in PRESTO (RF If ind stats:py) on the RF If ind out-

put converts this data into an array that lists each channel's average power and

standard deviation. Typically the upper and lower 1% of channels are masked

due to low sensitivity at the edge of the band. Any channel that displays an

average power of greater than 4� is masked as it is likely the result of persistent

RFI. Strong, narrow bandwidth persistent emission is very likely to be from a

terrestrial source. A channel displaying a high (> 4� ) standard deviation is also

suspect, this implies a high variance that could be the result of strong periodic

interference. Any channels displaying a mean or standard deviation of 0 are


agged as these channels clearly do not contain any data. A list of channels to
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ag is produced using these criteria. This list can be used to exclude these chan-

nels from other processing commands (such as Heimdall, see below). A bene�t

of creating such a list instead of removing the channels entirely from the data

is that the tolerance limits for masking channels can be increased or decreased

without having to reprocess the whole data set.

Figure 1.6: An example of the output from PRESTO'srf i stats:py, giving
reasons for recommending the masking of various channels. Note that a channel
can meet multiple of these criteria, hence the total channels to be masked is
lower than the sum of subtotals for each criterion.

1.5.3 Heimdall

Heimdall (Barsdell 2012) is a computer program that uses GPU-accelerated

computing to search for single pulses in 8-bit �lterbank data. The data must

be represented by 8-bit integers due to software limitations. The list of chan-

nels 
agged for RFI are included in the search parameters and get ignored by

Heimdall . Heimdall also performs its own RFI excision. It removes strong

broadband signals by integrating the �lterbank to produce a 0DM time series

and checking for peaks above 5� . The time samples corresponding to these peaks

are replaced with nearby time samples that are below 5� , e�ectively masking

the RFI without leaving gaps in the data.

Heimdall dedisperses the input �lterbank �le at each DM within the range

and in steps that are speci�ed by the user then performs a single pulse search
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on this dedispersed time series. A general look at single pulse searches us-

ing matched �ltering can be found in Cordes and McLaughlin 2003.Heimdall

speci�cally uses a boxcar or top-hat function as described in Ad�a mek and Ar-

mour 2020. The boxcar function can be described as a sum:

X L [n] = � L � 1
j =0 x[n + j ] (1.28)

wherex is the input time series,L is the boxcar length andX L is the output.

A desired signal to noise ratio (SNR) is de�ned by the user as a cuto�, the

algorithm will search for pulses above this limit. The SNR at a pointn in time

seriesx is simply computed as:

SNR[n] =
x[n] � � [x]

� [x]
(1.29)

where � and � represent the mean and standard deviation of the data respec-

tively. The SNR of the time series after applying the boxcar function can be

computed by simply replacingx ! X L in equation 1.29.

For a givenL, the boxcar is applied to the entire time series and the SNR is

calculated at every point and checked against the user-de�ned threshold. The

algorithm cycles over a range ofL, with L = 2n from n = 0 ! 12.

This method is e�ective because the maximum SNR is produced when the

size of the boxcar most closely matches the observed width of the pulse. The

maximised SNR, assuming pulse widthW matches the boxcar width is

SNR =
SpeakW

Ssys

r
np� �

W
(1.30)

where Speak is the peak 
ux density of the pulse,Ssys is the SEFD. np is the

number of polarisations, � � is the bandwidth (Cordes and McLaughlin 2003).

As mentioned in section 1.2, broadening e�ects such as scattering preserve pulse

area, so we can de�ne the pulse area asA = SpeakW which is also called the


uence of a pulse. Thus we see from eqn. 1.30 thatSNR / Ap
W

which shows
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that narrower pulses are easier to detect, an important factor to consider at low

frequencies where scattering broadening is high.

As boxcar sizes (L) are discrete they are very unlikely to exactly match the

true width of a pulse. Thus an error is introduced in both the width and arrival

time of a pulse reported by this method. The error in width,� W , can be described

as:

� W =
jW � L j

W
(1.31)

where W is the intrinsic pulse width. Similarly the error in arrival time (or

position in the time series),

� t =
jt � L j

t
(1.32)

wheret is the intrinsic arrival time.

The detected pulse candidates are grouped when they share similar charac-

teristics and are temporally concurrent. A pulse detected at a timeT and DM

DM n will be grouped with all pulses detected at the sameT but at neighbour-

ing DMs DM n� 1; DM n+1 and so on. Pulses that are temporally adjacent (i.e.

within 3 time boxcar widths of each other) are also grouped. The single most

signi�cant pulse in a group is used as the representative for that group in the

output data table. The output table lists these pulse candidates by their detec-

tion signi�cance, sample number and corresponding time (as measured at the

centre of the pulse), the boxcar �lter number, the DM and number of DM trials

that this corresponds to, the number of members grouped and the �rst and last

sample that the candidate spans.

The SNR used in this work was 7. The candidates that were found above

the SNR threshold were examined, some of the criteria used were:

ˆ Candidates that are one time sample long are very unlikely to be real FRB

pulses as the size of a time sample is 655� s, meaning the pulse must be

narrower than this value for it to be unresolved. The average scattering

timescale computed at 150MHz for FRB180916B is 45:7 � 9:5ms (Pastor-

Marazuela et al. 2021).
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ˆ A large clustering of similar candidates in a small time window (of the

order of minutes) could be the result of RFI. A suitable representative of

such a cluster can be used to rule out the whole time window. One such

case of this was observed, over a roughly two minute window in one of

the observations. Upon further investigation this emission was narrow in

frequency and thus terrestrial in origin.

ˆ Candidates displaying an SNR of 'in�nite' likely arose from computational

error. Visual inspection of such candidates has con�rmed that they do not

represent a pulse.

Visual inspection was performed by plotting the power series, dynamic spec-

trum and bandpass spectrum of the pulse candidates using a python script.

Examples of these plots can be seen in section 3.

ˆ The power series should resemble a Gaussian, with an exponential tail due

to scattering.

ˆ The bandpass spectrum shows the power of the pulse in each frequency

band integrated over the duration. For noise this will be completely 
at

due to corrections made in pre-processing (1.5.1). For RFI it will consist of

narrow, disconnected peaks or a single narrow peak representing terrestrial

emission. The bandpass spectrum of an astrophysical pulse could show a

non-trivial spectral width which could be centred on a peak frequency,

though it can have complex structure or be relatively 
at.

ˆ The dynamic spectrum can be seen as a combination of the prior two plots,

it plots the time and frequency domains and uses colour to represent the

power. Such a plot shows the spread of the pulse's power in both domains

and similar criteria apply, the pulse should have width in both of these

domains. This plot can be useful for looking at e�ects such as scintillation

and drifting sub pulses.
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Figure 1.7: A Giant Radio Pulse from the Crab Pulsar detected with I-LOFAR.
This pulse was detected using the same methods that are employed here for FRB
single pulse searches. This single pulse search was conducted by undergraduate
student Patrick Kiely for his research project on the Crab giant pulses. The
power series (top, green) shows a clear scattering tail. The blue bars in this plot
bound the pulse region, the pink line is a �t of the boxcar trial that detected the
pulse. The plot just beneath it shows various boxcar trials. The right hand plot
shows the bandpass spectrum, which shows a 
at spectrum. The main plot is
the dynamic spectrum, the pulse can be seen with very sharp edges on the left
but di�use edges on the right, this di�use edge is a result of the scattering tail.
A possible follow up or sub pulse can be seen at the right of the plot.
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Chapter 2

Radio Transients

In this work we will be using I-LOFAR to look for a speci�c type of object

in the radio sky, a Fast Radio Burst (FRB). An FRB belongs to the class of

objects known as radio transients. Transient means that they vary in brightness

with time. Many examples of transient objects exist in astrophysics from solar


ares which are unpredictable but common events, to supernovae which are

cataclysmic and rare events. Some transients are easy to predict because they

repeat with a stable period, such as pulsars. To understand Fast Radio Bursts

we need to start by exploring some of these other transients, namely pulsars

and Rotating RAdio Transients (RRATs). The methods used to �nd FRBs have

their roots in pulsar and RRAT science. Similarly the theories surrounding the

origins of FRBs are rooted in the same phenomena that cause pulsar and RRAT

emission, the neutron star.
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2.1 Neutron Stars

A neutron star is one possible result of a star that has undergone a core-collapse

supernova event. Collapse occurs in stars when they have depleted the fuel in

their core and can no longer maintain enough pressure from nuclear fusion to

counteract their own gravitational force.

The star sheds a sizeable fraction of its material as it contracts, sending a

cloud of gas outwards in all directions, forming a nebula. The core of the star will

meet a di�erent fate based on its mass. A stellar core below the critical mass

known as the Chandrasekhar limit of 1.4M � will avoid supernova altogether

and collapse into a white dwarf, where electron degeneracy pressure is enough

to support the star against its own gravity. For a core that has mass above this

limit, the collapse will continue until the point where it is supported from further

collapse by neutron degeneracy pressure. This is a neutron star. If the stellar

core has mass that exceeds the Tolman-Oppenheimer-Volko� limit, 2.8M � ,

then the collapse continues to form a black hole. Due to the existence of these

mass limits, all neutron stars are expected to lie within a narrow mass range of

1.4!� 2:8 M � . (See Burke, Graham-Smith, and Wilkinson 2019 and Lorimer

and Kramer 2012).

During the collapse of such a neutron star the radius of the star contracts

to that of the order of 10 km. The angular momentum of the star is conserved

leading to exceptionally high spin frequencies. Similarly the magnetic 
ux from

the star's magnetic �eld is frozen in the stellar material and contracts with the

star conserving magnetic 
ux through the star's surface, leading to very strong

magnetic �elds in the new neutron star.

The high rotational frequency combined with the strong magnetic �eld pro-

duces dipole radiation across a broad spectrum of frequencies. This dipole emis-

sion can be thought of as a cosmic lighthouse. The radiation is beamed from

the star in two opposite directions, from each magnetic pole. If one of these

beams sweeps in the direction of Earth, it can be detected as a radio pulse. The

star will rotate and the pulse can be detected again one spin period later. This
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provides a very easy way to determine the period of a neutron star. The speci�c

mechanism that produces these beams of radiation is not known, various com-

peting theories exist. These theories can be split into three categories according

to Lorimer and Kramer 2012. The �rst is a coherent emission mechanisms where

bunches of charged particles emit synchrotron or curvature radiation in phase

with each other (see section 2.5.1). The second category involves emission of rel-

ativistic plasma. The third case involves masers (the microwave counterpart of

a laser), which we will revisit in a di�erent capacity in section 2.5.2. A common

feature of these models is that the mechanism must be powered somehow by the

magnetic �eld and rotation of the neutron star.

Pulsars can be classi�ed into three distinct populations based on their �eld

strengths and periods. Millisecond pulsars with �elds of between 108 ! 109G

and periods< 20ms, normal pulsars with �elds between 1011 ! 1013G and peri-

ods between 100ms-3s and magnetars with �elds from 1013 ! 1015G and periods

from 2! 11s (Burke, Graham-Smith, and Wilkinson 2019).

As the pulsar emission is powered by the neutron star's rotation, conservation

of energy means that the neutron star loses rotational energy to this emission and

'spins down'. This spin down rate (_P) of the period (P) is signi�cant enough

to be measured. From the period and spin down rate one can estimate the

magnetic �eld strength of a neutron star using (see for example Lorimer and

Kramer 2012):

B = 3:2 � 1019
p

P _PG (2.1)

One can also estimate the characteristic age of the neutron star,� c using a similar

relation:

� c =
P

2 _P
(2.2)

The degree of accuracy of the characteristic age versus the real age of a neutron

star can vary, as this equation is based on a simpli�ed model and ignores many

external factors. Take for example the Crab pulsar, the result of a supernova

observed in 1054. TakingP; _P from the ATNF Pulsar Catalogue (Manchester

et al. 2005),� c � 1260 years, compared to 2023-1054=969 years.
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Figure 2.1: TheP � _P diagram for neutron stars taken from Lorimer and Kramer
2012. As both the characteristic age and magnetic �eld strength can be estimated
from these parameters, lines of constant age andB are shown. Magnetars are
listed on the diagram as SGR/AXP (see section 2.1.1). The grey shaded regions
are where models predict no radio pulsars to lie.

For a pulsar the 
uence of each pulse varies, and some pulsars occasionally

emit giant pulses, which can be on the order of 1000 times more powerful than a

standard pulse. It is therefore possible that a radio telescope can have su�cient

sensitivity to detect only the giant pulses from a particular pulsar source. This

I-LOFAR Observations
of the Transient Universe
at Low Frequencies

31 Jake Kyprianou



2.1. NEUTRON STARS CHAPTER 2. RADIO TRANSIENTS

type of source is referred to as an RRAT (Rotating RAdio Transient). As the

emission of a giant pulse is random, but they are emitted in lieu of a regular

pulse, the time between any two giant pulses is a multiple of the period of the

source. Therefore accurate timing of many giant pulses can be used to determine

possible solutions for a period. I-LOFAR is used in local mode to observe both

pulsars and RRATs (Murphy et al. 2021, McKenna et al. 2023).

2.1.1 Magnetars

A magnetar is a category of neutron star where the magnetic �eld and rotational

period are greater than typical neutron stars. What di�ers in the formation of a

neutron star to instead produce a magnetar is not well agreed upon. All known

magnetars are isolated systems, that is to say they have not been found to have

binary partners. Magnetars are also very uncommon. While there are expected

to be around a billion neutron stars in the Galaxy, there are only about 30 known

magnetars. Although the actual number of magnetars is expected to be higher,

this number cannot be accurately predicted in the absence of a well understood

formation mechanism.

Magnetars were originally detected as soft gamma-ray repeaters (SGRs)

(Kaspi and Beloborodov 2017). SGRs are sources of soft gamma-ray bursts �rst

detected in 1979. The initial observations showed an 8s periodicity in the pulse

structure, which is high for a neutron star. Further observations of SGR sources

determined similarly high spin periods and a spin down rate was measured for

the �rst time in 1998. Using equation 2.1, the �rst magnetic �eld estimate of an

SGR came out at 8� 1014G. This was clear evidence supporting the magnetar

theory of SGRs, and a con�rmation of the existence of magnetars.

Another class of object called an anomalous X-ray pulsar (AXP) was dis-

covered in 1980, these objects were X-ray pulsars with abnormally long ( 7s)

periods. Detections of SGR-like bursts from AXPs showed that magnetars are

not only the cause of both of these objects, they transition (perhaps unpre-

dictably) between these two phases, as well as quiescent phases where they emit
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very little radiation and are not likely to be discovered. A magnetar may also

produce radio pulsar emission, though the radio bursts from a magnetar are not

typical as they exhibit far more glitches (sudden deviations from regular pulsa-

tions) than regular pulsars. In the case of magnetar radio-pulsar J1119-6127,

the radio pulsar emission ceases during X-ray 
aring (Burgay et al. 2016a) and

returns after 
aring has ceased (Burgay et al. 2016b). Because of this, the spe-

ci�c mechanism behind the radio pulsations seen in some magnetars may di�er

from the magnetic dipole emission in regular neutron stars. This emission has

been seen in some magnetars to have a 
at spectral index (see section 4.4 Kaspi

and Beloborodov 2017), which is not the case in normal pulsars.

The high energy (X/Gamma-ray) bursts from magnetars are fundamentally

the result of the powerful magnetic �eld. The surface of the star is coupled to

the extreme magnetic �eld and perturbations in the �eld build up stress in the

surface of the star. The release of this stress results in the release of a large

amount of magnetic energy. This magnetic energy is released as a 
are, much

like a solar 
are.

2.2 Fast Radio Bursts

In 2006 a powerful and short radio burst was detected in 1.4 GHz pulsar survey

data from Parkes radio telescope in Australia (Lorimer et al. 2007). The burst

is often referred to as the Lorimer Burst after its discoverer, Duncan Lorimer.

What was unique about this detection was the high dispersion measure (375

pc cm� 3) that implies the object was approximately 1 Gpc away, making it

extragalactic. This combined with the power (30 Jy) means that the energy

released for this very short (several ms) burst was on the order of 20� 1033J. As

this burst was 100 times more powerful than the detection threshold at Parkes,

it was deduced that these events must be extremely rare as they had not been

observed before. Similarly the remaining observing time on that same source,

along with 40 hours taken the following year, failed to observe any other such

pulses.
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Although further detections of FRBs in subsequent years were infrequent, a

small number of new detections came from archival data. In 2013, the �rst real

time detection of an FRB was made. In the following years milestones included

detections from telescopes other than Parkes, such as Arecibo, and localisations

of FRBs to host galaxies (see Caleb and Keane 2021). In 2015 the �rst repeating

FRB, FRB20121102A, was discovered.

The Canadian Hydrogen Intensity Mapping Experiment (CHIME) revolu-

tionised FRB research since it began searching for FRBs in 2018. CHIME ob-

serves the sky overhead between 400-800 MHz with a wide �eld of view and

performs FRB searches in real time. CHIME/FRB discovered the second re-

peating FRB in 2018. Since then CHIME has been responsible for the majority

of all FRB detections, including repeaters. Between July 25 2018 and July 1

2019, CHIME/FRB detected 536 bursts, 62 of which came from 18 repeating

sources (Amiri et al. 2021). The discovery of these repeaters and in particular

of easy to predict repeaters such as FRB180916B, has meant that many other

telescopes have been able to make successful FRB detections across a wide range

of frequencies.

While there is no formal de�nition of an FRB, they are typically characterised

by their narrow burst widths, high 
uences and excess DMs (with respect to the

Galactic DM contribution). The excess DMs of all but one FRB source put

them at extragalactic distances. The extreme intensity of the pulses at such

long distances, as well as the initial rarity of FRBs and lack of repeat pulses

implied a cataclysmic origin. While the discovery of the repeating FRBs does

not necessarily rule out cataclysmic FRB progenitor scenarios, it meant that

a scenario was required that could ful�l the repetition criteria. The question

remains open as to whether all FRBs will eventually repeat or if there is a

subclass of FRBs that don't repeat. As it stands, most FRB progenitor theories

revolve around neutron stars (Lyubarsky 2021).

We will subsequently introduce two important FRB sources. The repeater

with the lowest period FRB180916B, and the �rst Galactic FRB which is lo-

calised to magnetar SGR1935+2154.
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2.3 FRB180916B

Among the discovered repeaters is FRB180916B which has a period of 16.33

days (Pleunis et al. 2021a). This is the lowest period to date, making this source

a useful target for observations. This source shows quasi-periodic windowed

behaviour, emitting a random distribution of pulses during a roughly 5 day

window every 16.33 days, with 50% of bursts arriving within� 0:6 days of the

peak. The activity also displays evidence of a dependence on frequency, with

lower frequency pulses being emitted later and with wider activity windows.

This is referred to as chromatic periodicity and as of yet this behaviour is only

observed in this FRB source (Pastor-Marazuela et al. 2021).

Figure 2.2: LEFT: CHIME detection of FRB180916B. The top plot shows the
integrated time series, with a �t in blue. The right plot shows the bandpass
spectrum of the pulse. The central plot is a waterfall plot. RIGHT: The locali-
sation of FRB180916B to its host galaxy.

At the time of writing FRB180916B has been observed by at least 8 telescopes

including LOFAR, at various frequencies between 110 MHz and 6 GHz. The

cumulative data from these observations heavily implies chromatic periodicity

in this source (Bethapudi et al. 2022). The average 
uence of the emitted pulses
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has also been observed to depend on frequency, this is expressed in terms of the

spectral index. The most accurate calculation of spectral index so far puts it at

-1.04� 0.08. This is consistent with radio pulsars which typically have spectral

indices in the range -1.4� 1 (Bates, Lorimer, and Verbiest 2013). Bethapudi et

al. 2022 also determines a frequency dependence on the burst rate of the source

to be f � 2:6� 0:2. This means that the source is observed to be more active at

lower frequencies. The scattering timescale was measured to be 46� 10 ms at

150 MHz (Pleunis et al. 2021a), constraining the minimum pulse width at this

frequency. FRB180916B has been localised to a galaxy 149 Mpc away (�g 2.2).

The DM found for the LOFAR bursts was 349 pc cm� 3 (Pastor-Marazuela et al.

2021. We note that Pleunis et al. 2021a uses 348.722 pc cm� 3 for their reported

bursts).

The two LOFAR observing campaigns also included observations by CHIME

(400-800 MHz) and the Westerbork Synthesis Radio Telescope's Apertif Radio

Transient System (1220-1520 MHz). No bursts found by LOFAR, Apertif or

CHIME were detected simultaneously by either of the other telescopes. This is

due to the narrow bandwidth of the bursts as can be seen in �gure 2.3. Emission

from FRB180916B displays downward drifting sub bursts, an e�ect that has been

dubbed the \sad trombone". This can be seen in �gure 2.4. These sub bursts

come after the main burst but are centred at lower frequencies. This e�ect is

observed in many FRBs, but more commonly in repeaters, and is possibly a hint

to the nature of the emission mechanism (Pleunis et al. 2021b).
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Figure 2.3: Dynamic spectra from Pastor-Marazuela et al. 2021 showing two
bursts, one detected by Apertif (left) and one detected by LOFAR (right). The
plots also show the corresponding lack of emission from the other telescope at the
same time after accounting for dispersive delay. The Apertif burst was detected
at a phase of 0.38 and the LOFAR burst at 0.61.
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Figure 2.4: Some examples of dynamic spectra of FRB180916B bursts detected
by CHIME from M. Amiri et al. 2020 showing the downward drifting sub bursts
or \sad trombone" e�ect.
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2.4 SGR1935+2154

The source SGR1935+2154 is a soft gamma repeater (SGR), a magnetar located

in a supernova remnant 6:6� 0:7 kpc away, near the Galactic centre (Zhou et al.

2020). The magnetar has a rotational period of 3.24 s. The source was found to

be the location of FRB200428, which had a 
uence of 1.5 MJy ms and a DM of

332.7 pc cm� 3. It is widely believed that this is the �rst Galactic FRB source

(Bochenek et al. 2020). The magnetar is located 100 pc above the Galactic plane,

in a supernova remnant. This source also shows periodic windowed behaviour,

but the window is not as tightly constrained as in the case of FRB180916B.

Measurements from X-ray bursting activity predict the active window to have

a period of 230 days, but it is not certain if the radio emission follows this

pattern (Grossan 2021). The initial detection by CHIME in April 2020 observed

two bursts separated by 30 ms (2.5, Scholz and Chime/Frb Collaboration 2020).

The bursts also appear to show several peaks and troughs in their spectral 
ux,

this could be the result of scintillation (Simard and Ravi 2020).

The Survey for Transient Astronomical Radio Emission 2 (STARE2) consists

of three radio receivers that operate between 1280-1530 MHz. STARE2 observed

the radio bursts from FRB200428 simultaneously with CHIME. X-ray bursts

were detected by multiple X-ray observatories (Insight-HXMT, Konus-Wind and

Integral Li et al. 2021) that were temporally coincident with the radio bursts after

correcting for dispersion. The 30 ms separated double peak was also observed

in the X-ray bursts. Despite the correlation between these radio and X-ray

bursts, many subsequent and prior X-ray bursts detected from the source were

not accompanied by a radio detection despite coincident observations.
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Figure 2.5: The CHIME detection of a double-peaked FRB-like pulse from
SGR1935+2154. The time series (top) clearly shows the two peaks. In the
dynamic spectrum (bottom) you can see how the power in those peaks is spread
across the bandwidth. From Scholz and Chime/Frb Collaboration 2020

Faint, pulsar-like periodic radio emission was detected from this source by

FAST during an apparent X-ray-quiet phase on October 9th 2020 (Zhu et al.

2020). This emission had a period of 3.24s, consistent with the rotational period

of the magnetar. The emission is not present in the FAST observations that also

detected FRB-like bursts from the source, implying that the radio pulsar and

bursting emission do not occur simultaneously. Similarly a follow up observation

by Parkes on October 11th 2020 found no persistent emission to a limit of 3.6� Jy

across a bandwidth of 704-4032 MHz (Tang et al. 2021).
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This source is an important example for probing FRB progenitor models

because it lies within our Galaxy and can be observed across multiple frequen-

cies, with the possibility of detecting emission that would be too faint to de-

tect from distant, extragalactic FRBs. While the initial FRB associated with

SGR1935+2154 was powerful enough (1.5 MJy ms) to be detected at extragalac-

tic distances (� 10 Mpc) subsequent radio bursts from the source would not have

been detected if Earth were located> 100 kpc away from the source, which would

make this source an apparent non-repeater at that distance (Katz 2022).

2.5 FRB Models

Many models have been proposed to describe FRBs since their discovery. With

the detections of multiple repeaters these models have shifted away from cata-

clysmic events, in fact the lower limit for the all-sky FRB rate is higher than

the rate of any known cataclysmic event (Katz 2022). The aforementioned chro-

matic periodic windowed behaviour in FRB180916B, as well as the localisation

of FRB200428 to a magnetar in our Galaxy, must be accounted for by models.

It has been suggested (Katz 2022, Xiao, Wang, and Dai 2021) that these two

sources could be produced by di�erent methods. The general population of FRBs

consists of those that have been found to repeat and those that apparently don't

repeat. Clearly as every repeater was initially considered a non-repeater, it can

be assumed that some proportion of non-repeaters must repeat. This does not

mean that every FRB must repeat, it is possible that we may have detected the

last burst from a source before it undergoes some transition, it is also possible

that the length of time between bursts for a source may be great. Similarly as

the bursts will have some 
uence distribution, a given source may only have been

detected because it emitted a particularly bright burst, while subsequent bursts

may lie below our detection threshold. With these considerations in mind, there

are still noticeable di�erences between pulse properties in apparent non-repeaters

compared to known repeaters (Pleunis et al. 2021b). One such di�erence is the

'sad-trombone' e�ect mentioned in section 2.3, where repeater emission drifts at
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lower frequencies but non-repeaters often don't. Whether these properties can

be used to �nd more repeaters among the apparent non-repeating population is

untested.

The short duration and extreme energies involved in these bursts implies

that they are produced by compact objects. Some obvious considerations are

radio pulsar giant bursts or an FRB model that resembles RRATs. However,

even the brightest giant pulses detected from radio pulsars are not energetic

enough to explain FRBs. The brightest Crab pulsar giant pulse for example was

4 � 103 times less powerful than the �rst Galactic FRB200428 (Bochenek et al.

2020). Incoherent synchrotron and curvature emission are not powerful enough

to produce FRBs either (Lorimer and Kramer 2012). The typical brightness

temperatures of FRBs (> 1037K) are far too high for the emission to be thermal.

Magnetars as sources of short, powerful radio bursts was proposed before

the discovery of FRBs. It was predicted in Lyutikov 2002 that Soft Gamma-

Ray Repeaters (magnetars) could produce radio emission during their bursting

phase by magnetic reconnection. The idea of magnetars being the sources of

FRBs has seen heightened interest in recent years, especially with the detection

of FRB200428 from Galactic magnetar SGR1935+2154. A multitude of models

exist with magnetars as their basis, but the speci�c emission mechanisms de-

scribed may di�er. The mechanisms typically involve topics such as magnetic

reconnection, coherent synchrotron emission from particle "bunches" or a syn-

chrotron maser powered by a magnetar 
are. We will subsequently consider

some of these cases in brief but the details of these interactions are beyond the

scope of this work. A detailed review can be found in Lyubarsky 2021.

2.5.1 Synchrotron Emission

The synchrotron process describes radiation emitted by charged particles with

relativistic velocities moving in a magnetic �eld (see Rybicki and Lightman

1986). A particle with massm and chargeq moving with velocity v and Lorentz
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factor 
 in a magnetic �eld B will experience the Lorentz force:

F = qv� B = m
 _v (2.3)

By letting v
r = ! and by equating circular motion with the Lorentz forcem
 v2

r =

F we arrive at the familiar result for the gyration/Larmor frequency! :

! =
qB

m

(2.4)

We can also de�ne the Larmor radius or gyroradius as:

r =

mv
qB

(2.5)

The power emitted by a single electron will depend on the angle between its

velocity vector and the magnetic �eld. By averaging over all possible angles the

power, P, emitted by a single electron is

P =
4
3


 2c� T
B 2

8�
(2.6)

where� T is the Thomson cross section,

� T =
8�
3

e2

mc2
(2.7)

These equations for the relativistic case of synchrotron emission mirror the

equations for the non relativistic case of cyclotron emission, which simply omits

the 
 . A group of N charged particles moving incoherently in the sameB �eld

will emit N times the photons of a single particle. This changes however if the

particles are moving coherently (Lorimer and Kramer 2012). In the coherent

case, the particles are bunched up in a small area and move with the same

velocity and direction producingN 2 the power of a single particle. While the

energetics of incoherent synchrotron emission don't allow for the production of

FRBs (for a realistic N ), coherent emission can account for the energy required.
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The problem with the coherent case is proving the existence of the particle

bunches (Lyubarsky 2021).

2.5.2 Masers

MASER stands for Microwave Ampli�cation by Stimulated Emission of Radia-

tion, analogous to the laser. An explanation of the theoretical basis for a maser

can be found in Rybicki and Lightman 1986. To summarise, consider a medium

where electrons can exist in an energy level with statistical weight ofg1 and an

energy level with statistical weightg2 that has energyh� 0 higher than state 1.

Absorption of a photon that has energyh� 0 causes an electron to move from

state 1 to 2. An electron in state 2 emits a photon of the same energy when

it transitions to state 1. If the system is in thermal equilibrium, the ratio of

particles in state 1 to state 2 is given by Saha equation:

n1

n2
=

g1

g2
exp

�
h�
kT

�
(2.8)

If n1
g1

> n2
g2

, incoming radiation with energy h� 0 will be absorbed resulting in

attenuation of a signal. However if the opposite is true and there are more

particles in state 2, called population inversion, the absorption coe�cient of

the medium becomes negative. This means that the medium ampli�es incoming

radiation instead of attenuating it. The incoming beam of radiation is interacting

with electrons in state 2, which cannot absorb it and instead are stimulated to

drop down to energy level 1 and thus emit a photon. The factor by which a wave

is ampli�ed can be large, making this mechanism worth considering for links to

FRBs.

A process that causes the population inversion in some medium is called a

pumping mechanism (Reid and Moran 1988). The pumping mechanisms typi-

cally responsible for astrophysical maser activity are either as a result of particle

collisions or radiation. Stellar radiation can be a suitable pump for some masers.

Examples of this include young stars in star forming regions which are associated
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with the production of OH and H2O masers.

2.5.3 The Synchrotron Maser

Some FRB models deal with a synchrotron maser at a relativistic magnetised

shock away from the magnetosphere of the neutron star. This process is fed by

an highly-relativistic magnetar 
are as it collides with the remnant of a previ-

ous 
are that has since decelerated (Metzger, Margalit, and Sironi 2019). The

charged particles in the out
owing 
are oscillate about the magnetic �eld lines

of the decelerated 
are remnant at the Larmor frequency emitting synchrotron

radiation. The interaction between the two 
ares is theorised to provide con-

ditions that lead to population inversion, thus amplifying the synchrotron radi-

ation. The emitted frequency of the radiation decreases over time as the 
are

decelerates and the Larmor frequency decreases.

The resultant emission predicted by this model is consistent with some ob-

servations. As the shock propagates outward, the frequency of the emission de-

creases which could explain the \sad trombone" e�ect observed in some bursts.

Bursts produced by this model would also have high degrees of linear polar-

isation. The shocks in this model provide high enough temperatures to fuel

X-ray and Gamma-ray synchrotron emission, explaining the X-ray bursts de-

tected from FRB200428. In fact, the relative strength of the concurrent X-

ray and radio bursts from the initial FRB200428 (SGR1935+2154) detection

( E radio
EX

� 10� 5 � � ) are well predicted by this model (Margalit et al. 2020).

This fraction shows that the FRB production mechanism is ine�cient, the

consequence of which is that a more active FRB source like FRB180916B or

FRB121102 would have a short lifetime as an FRB, following an argument pro-

posed in Margalit et al. 2020. Consider that the burst energy ultimately expends

the magnetic energy (EB ) of the magnetar, whereEB = 1
2� 0

B 2, and by de�ning

the energy lost to FRB emission as _EF RB , we can estimate the lifetime of an

active FRB source as:
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� F RB �
EB

_EF RB =�
(2.9)

Using numbers provided for FRB121102,EF RB = 5 � 1027W and B =

1016G and the above� , FRB121102 would have a lifetime of only about 200

years. FRB180916B has a lower limit on _EF RB that is about 10 times less

than FRB121102, thus would have a maximum estimated lifetime of 2000 years.

SGR1935+2154 is estimated to be 16000 years old (Zhou et al. 2020).

This model also has the condition that every FRB must be accompanied

by an associated X-ray or Gamma-ray burst, but the inverse is not true. This

is consistent with SGR1935+2154 observations. The predicted energies of the

high energy bursts from more energetic, extragalactic FRBs are in the order of

MeV-GeV gamma rays that are undetectable by current gamma-ray satellites at

such distances due to sensitivity constraints (see also Li et al. 2021). This would

explain the lack of such detections from other FRBs.
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Figure 2.6: Plot from Bochenek et al. 2020 of spectral luminosity versus duration
for radio transients in the 1-2 GHz range. Rotation powered NSs refer to pulsars
and RRATs. GRPs are pulsar giant bursts. ST 200428A refers to what is now
called FRB200428.
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Chapter 3

FRB180916B

3.1 Motivation

As previously discussed in section 2.3, FRB180916B was reported to have a 16.35

day periodicity with a 5-day active window in 2020 (M. Amiri et al. 2020). This

makes it the FRB with lowest known period. The discovery of such a short

period opens up the possibility of detecting bursts from the same source roughly

every two weeks. This also means that telescopes which are not suited to all-sky

FRB searches, whether due to constraints on time, data processing or sensitivity,

now have access to a source with a known location and activity window. At

the time of this discovery, no FRBs had been discovered at frequencies lower

than CHIME's 400MHz. With all of this in mind, an observing campaign was

conducted with I-LOFAR, to attempt LOFAR single station HBA observations

of this FRB in the 110-190MHz range. Similar campaigns were conducted by

various telescopes in 2020 resulting in successful detections at 328MHz by the

Sardinia Radio Telescope (Pilia et al. 2020), down to 300MHz with the upgraded

Giant Metrewave Telescope (Sand et al. 2020, Marthi et al. 2020) and down

to 300MHz with the Green Bank Telescope (Chawla et al. 2020) among other

observations at higher frequencies. The International LOFAR Telescope also

detected bursts from FRB180916B in 2020 (Pastor-Marazuela et al. 2021, Pleunis
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et al. 2021a), these detections resulted in better constraints on the period as well

as highlighting the frequency dependence of the burst activity window. In light

of the ILT detections, an I-LOFAR detection could:

ˆ Provide further evidence or constraints for the frequency dependent activ-

ity window.

ˆ Increase the sample size for burst statistics, as only 19 bursts were detected

by the ILT.

ˆ A detected burst could be analysed to �nd the scattering timescale�

from the pulse pro�le by �tting the exponential tail of the pulse as e� t
� .

This could be used to constrain the unknown parameters in equation 1.22,

namely the line of sight electron density and variations in said density in

the turbulent regions of space that the burst passed through.

ˆ If drifting sub pulses (sad trombone) were observed then the drift rate

could be measured and compared to the values found by Pastor-Marazuela

et al. 2021 who determined that the drift rate is dependent on frequency.

3.2 Observations

72 hours of FRB180916B observations were taken in 2020, ranging from February

to December. These observations are shown in table 3.1. They span a range of

phases from 0.12 to 0.85 as shown in �gure 3.1. The observations were taken

within the constraints of I-LOFAR local time and prior to the ILT detections

which better constrained the 150MHz activity window. The time within the

LOFAR active observing window is 29.20 hours. Of these observations, about

8 hours lie close to the predicted peak of� 0 = 0:72, with the nearest other

observations being 1.6 days away. The object's elevation varied between 35� and

80� across the observations.
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Figure 3.1: I-LOFAR observations (blue) of FRB180916B represented in terms
of the FRB's activity phase. Note that phase 0.5 corresponds to the CHIME
activity peak at 400MHz and is represented by a red dashed line. The yellow
shaded region represents the maximal extent of all LOFAR-detected bursts at
the time of writing. The orange shaded region represents the theoretically most
active window as estimated in recent literature. Note that the vertical axis is
arbitrary in this plot, the vertical displacement of observations is used to separate
them from each other for clarity.
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Date (MJD) Date (UTC) Duration(s) Initial Phase
58901.21 2020-02-21 17:06 8099 0.567
58933.90 2020-03-25 09:36 1604 0.568
58933.93 2020-03-25 10:21 16979 0.570
58947.14 2020-04-07 15:20 1833 0.379
58947.16 2020-04-07 15:49 3067 0.380
58947.90 2020-04-08 09:37 11879 0.426
58949.94 2020-04-10 10:31 16079 0.550
59052.75 2020-07-22 06:01 6899 0.846
59066.39 2020-08-04 21:17 2520 0.681
59066.42 2020-08-04 22:04 26519 0.683
59073.63 2020-08-12 03:05 6599 0.125
59079.38 2020-08-17 21:00 35699 0.477
59080.36 2020-08-18 20:40 33299 0.537
59094.33 2020-09-01 19:50 29291 0.392
59094.68 2020-09-02 04:24 4318 0.414
59094.75 2020-09-02 06:04 10440 0.418
59094.87 2020-09-02 08:58 7622 0.426
59192.17 2020-12-08 16:00 35879 0.384

Table 3.1: I-LOFAR observations of FRB180916B. Values here are rounded for
display purposes. The initial phase values were determined using the ephemeris
of Pleunis et al. 2021a as mentioned in the text.

3.3 Fluence Limits

To calculate the probability of detecting a pulse during our observations we must

determine the sensitivity limits of I-LOFAR and the expected rate of pulses

within the observing bandwidth that are above this sensitivity limit. The sen-

sitivity limits of I-LOFAR with respect to FRB180916B observations were esti-

mated using the radiometer equation (1.27). The system parameters were found

in van Haarlem et al. 2013; these include the e�ective area as given in equation

1.26,� , andTinst which is a measured quantity. Sky temperatures were computed

using the models of Haslam et al. 1982 and Dowell et al. 2017 using the Python

interface to Global Di�use Sky Models (Price 2016). This code generates the sky
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temperature as provided by the aforementioned models at the source location

and convolves this with a simulated LOFAR (single-station) primary beam to

get the sky temperature measured by I-LOFAR, see �gure 3.2.

Figure 3.2: LEFT: The sky temperature in the vicinity of FRB180916B. RIGHT:
The sky temperature after convolution with the I-LOFAR primary beam. This
is the component that contributes to I-LOFAR's SEFD.

The code computes the e�ective area assuming two of the HBA tiles are

inactive, as this was the case for many of the observations in question. Values

are computed assuming a temporal pulse width of 50 ms due to the scattering

timescale of 50 ms found in Pleunis et al. 2021a. A spectral width of 75 MHz is

chosen to account for the most sensitive parts of the observing band. Sensitivity

values are multiplied by 7 to account for the 7� threshold used in the search.

The minimum 
ux density threshold for a pulse detection centred at 150 MHz is

4 Jy. This corresponds to a 
uence lower limit of 200 Jy ms. The uncertainty for

these limits is taken to be 50%, based on comparisons made in Kondratiev et al.

2016 between literature values and LOFAR calibrations made using the same

methods used in this work. Note that pulse sensitivities reported in Pleunis et

al. 2021a and Pastor-Marazuela et al. 2021 also use this 50% uncertainty. This

number is expected to account for the contributions of various factors such as

the contribution of sidelobes, uncertainties in measured system parameters and


uctuations in the sky temperature.
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Figure 3.3: An estimate of the variation in observed intensity over time for
the longest FRB180916B observation produced using data from DreamBeam.
This represents the fraction of 
ux observed by the telescope accounting for the
sensitivity losses due to the altitude dependent antenna response. During this
observation the source elevation varied between 35� and 78� above the horizon.

Lower elevation corresponds to lower sensitivity as the projected area of the

array is maximised at zenith. The e�ect of this is complicated and can be

computed using theDreamBeam software (Carozzi 2016). An example of the

variation of intensity over the longest FRB180916B observation, with the largest

variation in altitude, is shown in 3.3. This observation's sky position relative to

I-LOFAR is seen in �gure 3.4. This shows that the sensitivity loss only exceeds

50% for very low angles� 35� . This is approximately the lowest angle subtended

by the source across the observations and thus represents the greatest sensitivity

loss due to altitude. In the worst case scenario of a burst arriving from the FRB

while it was at 35� , the detection threshold would roughly shift to 6 Jy or 300

Jy ms.
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Figure 3.4: A plot produced with DreamBeam which shows the position of
FRB180916B every hour of the observation as it tracks across the sky. The
polar diagram is centred on I-LOFAR's zenith. This plot shows the orientation
of the antennas' X and Y dipoles as well as their response vectors to the incoming
sky radiation.

We do not directly account for the sensitivity lost due to 
agging RFI across

all observations. This is partially accounted for by choosing a bandwidth of

75MHz centred on 150MHz for our calculations, as most of the 
agged channels

fall outside this range, the amount of 
agged channels within this band was never

more than 1%.
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3.4 Burst Rate

Only 3 of the 18 pulses detected in Pleunis et al. 2021a (Table 1) are strong

enough to be detected by I-LOFAR. As this is such a small sample size of bursts,

it is di�cult to predict the detection rate of I-LOFAR accurately. A simple

estimate can be derived by assuming that 1 in 6 bursts are detectable by I-

LOFAR in general (i.e. that all bursts follow the same 
uence distribution as

this sample set). Using the ILT's predicted rate of 0.32 hr� 1 (for a 
uence lower

limit of 26 Jy ms), we estimate that I-LOFAR could expect to see 0.05 bursts

per hour. By taking the 29.2 hours that were in the predicted LOFAR activity

window, this would give a 23% chance of a non-detection in our data. This

chance was calculated assuming a Poisson distribution of burst arrival times,

which is not true for FRBs (Xiao, Wang, and Dai 2021) but is included as a

guideline estimate. A more accurate burst waiting time can be computed by

�tting a power law, but we lack the data to do so for LOFAR frequency bursts.

This rate estimate does not account for the expected increase in emission rates

closer to the centre of the activity window as observed in the CHIME detections

of this source. CHIME with a lower limit of 5 Jy ms sees a burst rate of 0.8 hr� 1

in the 5.2 day activity window and 1.5 hr� 1 within � 0:96 days of the peak. The

number of bursts detected by LOFAR are too low to con�rm if this behaviour is

also present at LOFAR frequencies. Assuming that this behaviour does occur in

general, the rate estimate could be adjusted (by the same ratio) to r = 0.08 hr� 1

within a day of the peak and r = 0.04 hr� 1 across the rest of the active window.

3.5 Results

All 72 hours of the I-LOFAR observations were searched using the methods

described in this text and no positive detections were made. The signal to noise

ratio threshold used was 7, the DM range searched was 349� 10 pc cm� 3. Pulse

candidates were detected byHeimdall in some of the data and the criteria

for examining these candidates was discussed in section 1.5.3. Plots of two
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candidates can be seen in �gures 3.5 and 3.6. For the 43 hours of observations

that lie outside the activity window at LOFAR frequencies, a null detection is

the expected outcome. For the remaining 29 hours that were within the activity

window, our results show that no bursts of above 200 Jy ms were emitted during

this time. Considering the rate estimate of 0.05 bursts per hour derived from

the ILT measurements, we would expect to see between 1 and 2 bursts in total.

However, as mentioned in section 3.4, a null detection is not unlikely in this

case. Therefore the null detection does not conclusively constrain the burst rate

estimate provided in Pastor-Marazuela et al. 2021 any further.

Further follow up observations should be performed with I-LOFAR in the

optimum window, closest to the predicted peak. I-LOFAR local time being

restricted to 2 days per week does put some restraints on the scheduling of

observations, but as the period of the source is 16.35 days, the day of the week

and time of the peak phase will drift each cycle which combined with the width

of the peak phase window we should expect to be able to observe in this region

at least once every two cycles. The altitude of the source is also a factor to

consider in scheduling observations. Based on the presented rate estimate (for

the whole LOFAR-burst window), if a similar observing time of 72 hours were

made entirely within the LOFAR window, we would expect the chance of a null

detection to be 2.7%. This is an order of magnitude better chance of detection

than with our current data which was centred on CHIME's activity window. If

we could have all 72 hours within the optimum window, with the improved rate

of r=0.08 hr� 1, we would expect a burst roughly every 12 hours.

With the exception of CHIME, all other telescopes observing FRB180916B

have a small burst sample size. For I-LOFAR's frequencies, we are limited to

the sample of bursts detected by the ILT. This means that there is considerable

uncertainty in the expected detection rate. So far, no bursts from FRB180916B

have been detected simultaneously at multiple wavelengths. This seems to be

due to the relatively narrow bandwidth of the pulses and the unique behaviour

that pulses centred on lower frequencies tend to be emitted later, the so called

chromatic periodicity (Pastor-Marazuela et al. 2021).
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Figure 3.5: The plots used for visual inspection of a Heimdall candidate pulse
with SNR 8 for FRB180916B. The time series (top, green) shows no discernible
Gaussian pulse. The blue vertical lines here represent the FWHM. The bandpass
spectrum (right) is 
at with small, isolated peaks. These peaks represent some
amount of interference. The centre image is the dynamic spectrum. This is an
example of a spectrum that shows clear noise.
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Figure 3.6: A typical FRB180916B single time sample pulse candidate with an
SNR of 11.75. The time series (top) and dynamic spectrum (middle) show only
noise. If the single time sample was a real pulse we would expect to see a single
bright vertical line in the dynamic spectrum.
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Chapter 4

SGR1935+2154

4.1 Motivation

Galactic magnetar SGR1935+2154 being found to be the source of FRB200428 is

a milestone for FRB science. As mentioned in section 2.4, it is the only Galactic

FRB source currently known. This is also a con�rmed localisation of an FRB

to a magnetar, which form the basis of many FRB progenitor theories. Due to

its relative proximity to Earth it is possible for instruments to detect emission

from the source that would otherwise be too faint to detect at extragalactic

distances, such as the coincident X-ray bursts (Li et al. 2021). The extreme


uence (1.5 MJy ms, Bochenek et al. 2020) of the initial detection motivated an

observation by I-LOFAR, as this is well above our detection threshold. Unlike

FRB180916B however, this source does not repeat on such a short and well

constrained window. Grossan 2021 estimates the period to be about 231 days,

based on its soft-gamma burst activity. A successful detection would be the

lowest frequency detection of an FRB from this source and could be useful to:

ˆ Observe or constrain the frequency cuto�. Which could provide a value or

constraint for the plasma frequency in the region local to the source, or

a frequency below which the emission mechanism of the source no longer

produces bright bursts.
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ˆ Constrain the spectral index which is important to support models of the

emission mechanism.

ˆ Measure a scattering timescale to constrain parameters relating to the

electron density and turbulence in the region local to the source magnetar

as per equation 1.22.

ˆ Look for evidence of downward drifting sub pulses (sad trombone) that are

present in many repeaters but notably lacking in all SGR1935+2154 detec-

tions to date. Evidence or lack thereof would further inform FRB models,

especially regarding the possibility of there being two FRB populations

(repeaters and apparent non-repeaters).

ˆ Further constrain the period or activity window to better inform follow up

observations and periodic models.

4.2 Fluence Limits

A single 8 hour observation of SGR1935+2154 was taken with I-LOFAR on 2020-

07-13 at 21:41:13UTC, for a duration of 28185 s or roughly 7 hours 48 minutes.

Sensitivity limits for this source were computed using the same method described

in section 3.3. Assuming a 50 ms, 75 MHz wide burst the minimum detection

threshold at 7� is 5.47 Jy (273.5 Jy ms). This source lacks a detection at 150

MHz from any telescope, so no direct rate estimates can be made. The position

of SGR1935+2154 relative to I-LOFAR can be seen in �gure 4.2. A plot of the

altitude and beam shape dependent corrections to the observed intensity over

the course of the observation are seen in �gure 4.1.
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Figure 4.1: An estimate of the variation in observed intensity over time for the
SGR1935+2154 observation.
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Figure 4.2: A plot of the SGR1935+2154 observation showing its tracking across
the sky. The polar diagram centred on I-LOFAR shows the zenith angle of the
source.

4.3 Results

The observation resulted in no positive detections above 7� . The DM search

range was 332.7� 10 pc cm� 3. This observation appears to have taken place

during an inactive period of the repeater, based on periodicity estimates (see

tables 1 and 3 in Grossan 2021) made since the observation and because no

other telescope reported activity around the time of the observation. Our null

detection is therefore consistent with the hypothesis that there is a link between

the radio bursts and the source's X-ray activity window.
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The radio pulsations detected by FAST (Zhu et al. 2020) in October 2020,

during the same quiescent phase, were not detected in our I-LOFAR observation.

The FAST pulses were seen at 1.25 GHz with a 
uence of 40 mJy ms. Assuming a


at spectral index, as observed in other magnetar radio pulsars, we would expect

pulsations at 150MHz to have the same 
uence. This 
uence is however well

below our 
uence threshold of 270 Jy ms. While observations of this persistent

emission are important to understand this type of object, these 
uences are not

within I-LOFAR's sensitivity range if a 
at spectral index is assumed. We can

conclude from our null detection that the persistent emission does not exceed

270 Jy ms at 150 MHz.

A recent CHIME burst from 14th October 2022 measured a 
uence of at least

20 kJy ms at 600MHz (Dong and Chime/Frb Collaboration 2022). A coincident

burst was also detected between 4.2-5.6 GHz by the GBT (Maan et al. 2022,

no reported 
uence due to saturation of the receiver), implying the burst was

emitted over a wide range of radio frequencies. It is reasonable to suggest that

such a burst would be easily detectable by I-LOFAR if the burst still emitted in

I-LOFAR's frequency range. An I-LOFAR coincident observation of such a burst

would be able to provide either a detection or evidence to constrain a frequency

cuto�. It is also important to recall that this broadband FRB emission, which

was also seen in the �rst FRB from this source, is di�erent to what is seen in

FRB180916B which has relatively narrow bandwidth pulses. There has been

no evidence in any observation so far of the sad trombone e�ect as there is

with FRB180916B. This is suggestive of the hypothesis that there are two FRB

populations and the two objects dealt with in this work are examples of two

di�erent types of FRB.
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Chapter 5

Conclusions

In this work we have used the Irish LOFAR station to observe two Fast Ra-

dio Burst sources, FRB180916B and SGR1935+2154, resulting in no detections

above a 7� threshold. We considered the challenges posed by propagation ef-

fects, the lower sensitivity of the single station (compared to the full array) and

the prevalence of RFI at low frequencies. The questions that remain are whether

or not I-LOFAR is capable of detecting an FRB in local mode, what measures

can be taken to improve the probability of a detection and whether or not this

is a worthwhile endeavour.

Sensitivity estimates made in the previous sections show that I-LOFAR is

theoretically capable of detecting FRB180916B bursts above a 200 Jy ms thresh-

old, in fact 3 of the brighter bursts detected in international mode could also

have been detected by the single station in local mode. Bursts detected from

SGR1935+2154 have been in the order of kilo- and even mega- Jy ms. These

bursts are very likely to be detectable by I-LOFAR assuming they remain broad-

band down to 150 MHz. The issue with looking for SGR1935+2154 bursts is the

broader, less constrained activity window compared to FRB180916B.

To recap, for FRB180916B we have used a small sample of 18 ILT bursts and

our own I-LOFAR sensitivity estimates (both of which have 50% uncertainty)

to crudely estimate the expected rate at which I-LOFAR would detect bursts

in the active window of the FRB. If a burst powerful enough to be detected
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by I-LOFAR did occur during these observations but was not detected it could

imply that there are systematic problems with our approach. It is possible

that certain elements of the data processing or search regime are 
awed. The

FRB search regime employed in this work was based on that of a census of

RRATs that was performed with I-LOFAR (McKenna et al. 2023) resulting in

29 RRAT detections. This would imply that the methodology employed here

is not inherently 
awed. It is of course possible that a burst occurred that was

above the estimated 4 Jy threshold but was not detected due to other factors

such as the sensitivity drop o� from the telescope pointing (which was shown to

be small in general) or the inaccuracy of the 4 Jy estimate itself.

The SGR1935+2154 observation was during the X-ray quiet phase of the

magnetar, where it is hypothesised that there is no FRB activity. The persis-

tent radio emission detected by FAST is expected to have a 
at spectral index

consistent with other magnetar radio pulsars, rendering it well below I-LOFAR's

detection threshold. Therefore a null detection is the expected result.

5.1 Observing Triggers

Many simultaneous multi-wavelength detections of FRB-like emission from SGR-

1935+2154 have been made by utilising observing triggers. An initial detection

by some observatory sends a trigger to other telescopes which then interrupt their

current jobs to observe the sky area that triggered the initial detection. In some

cases a telescope may have a transient bu�er (as in the case of I-LOFAR) which

is used to store the last few seconds of raw data, upon receiving a trigger this

bu�er can be read out and saved. The Transient Bu�er Boards on I-LOFAR are

capable of storing anywhere between 5-2560s of data, depending on the resolution

and number of antennas recorded. In other cases a follow up detection of the

same initial burst can be possible due to dispersive delay. If a trigger is made

at a certain frequency, the same burst would be detected at a lower frequencyt

seconds later wheret is given by equation 1.18, replacing� with � 1 � � 2. The

arrival time di�erence between a pulse detected at 400MHz and one detected at
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150MHz is 0.16*DM s. So for SGR1935+2154 at DM=332.8 pc cm� 3, t = 53

s, almost a full minute. CHIME o�ers a service called VOEvents, which can be

subscribed to to receive an alert upon a real time detection. CHIME claims that

the majority of its events are sent within 14 seconds of the detection, therefore

it would be feasible for I-LOFAR to make a follow up observation assuming the

source has su�ciently high DM and is in a good location on the sky. A �lter

on incoming VOEvents could discard events with low DM, low SNR or that

are in poor areas of the sky for I-LOFAR and trigger an observation if these

parameters are all above tolerance limits. A more in depth investigation would

be necessary to determine the ideal parameters, but the dispersive delay from

high DM sources (typical of FRBs) along with the possibility of utilising the

TBBs implies that this could be worthwhile.

It is worth remembering that none of the LOFAR detections (of FRB180916B)

so far were coincident with detections by any other telescope. Pleunis et al. 2021a

for example �nds that during their LOFAR observations, 5 CHIME bursts went

undetected by LOFAR. Similarly in Pastor-Marazuela et al. 2021, the West-

erbork Synthesis Radio Telescope was used at 1370 MHz to observe the FRB

contemporaneously with LOFAR and no bursts were found to be simultaneous

despite both instruments detecting their own set of bursts. This is seen in �gure

2.3. This behaviour seems to be typical of repeaters, with narrow burst band-

width. But as mentioned above, for SGR1935+2154 the burst bandwidths so far

have been large and no cuto� frequency has been identi�ed. Therefore I-LOFAR

observations of SGR1935+2154 being triggered simultaneously with other radio

telescopes could have important scienti�c value.

5.2 LBAs

It may seem worthwhile to investigate the viability of using I-LOFAR's LBAs to

look for FRB emission between 10-90MHz. Such a detection would be the lowest

frequency detection of any FRB, o�ering useful insights into the low frequency

FRB environment. However, many of the issues already encountered at HBA
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frequencies would be exacerbated. The scattering time would be expected to

increase, broadening the pulse and lowering the detected peak 
ux. The high

edge of the band is close to that of FM radio. The sky temperatures at these

frequencies are much higher than for the HBA. Using FRB180916 as an example,

the sensitivity limits at 20/50/80 MHz are 515/655/249 Jy respectively, using

the same pulse parameters as earlier. This does not look promising, especially

since these numbers use a pulse width of 50 ms, without accounting for the

increase due to scattering. An estimate of the scattering timescale using equation

1.23 gives� = 4s at 50 MHz. If the behaviour that FRBs are more active at

lower frequencies holds down to LBA frequencies, it could be the case that

this increased activity counteracts to some degree the disadvantages. However

my brief look at the problem suggests that it is not feasible with the current

technology as far as repeaters like FRB180916B are concerned. It could however

be possible to observe extremely bright bursts such as the MJy ms bursts from

SGR1935+2154. With the use of observing triggers, an observation of a MJy ms

burst could be possible across the entire I-LOFAR band, using both LBAs and

HBAs. Such an observation could put stringent constraints on the low frequency

spectral index and the frequency cuto�.

5.3 Further I-LOFAR Observations

I believe that future attempts by I-LOFAR to detect FRBs are worthwhile.

Attempts should focus on the well constrained repeater FRB180916B, as we have

shown that a more focused observing campaign around the peak of the 150MHz

activity window looks promising (section 3.5). If a triggering mechanism was

set up as suggested in section 5.1, it could be possible for I-LOFAR to detect

bright bursts from SGR1935+2154 or other FRBs that have su�ciently broad

bandwidth and high 
uences.

A bene�t of successful LOFAR single station observations is that it opens the

possibility for other stations with su�ciently powerful backends (compared to

REALTA) to make simultaneous observations of repeating FRBs while in local
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mode, such as Nan�cay, France and Chilbolton, UK who previously attempted

FRB searches (Karastergiou et al. 2015). For repeaters with well known activity

windows it could be promising to use I-LOFAR to attempt follow up observations

in order to investigate chromatic periodicity, spectral index or to look for an

emission cut o� frequency. These are all important for determining the emission

mechanism(s) of FRBs. I-LOFAR time should be easier to acquire than ILT

time, the caveat being that I-LOFAR will require more time on source than the

ILT due to sensitivity di�erences.

5.4 Future of FRB Science

At the outset of FRB science, it was incredibly unlikely for two telescopes to

detect the same FRB at di�erent wavelengths. Repeaters however provide a

way for telescopes at various wavelengths to attempt to detect FRB emission

from the same source. But not all repeaters have as short and well known

a period as FRB180916B. As more repeaters are discovered and observed in

di�erent wavelengths it will be possible to answer some key questions on FRB

emission. Does every repeater have chromatic dependence on its periodicity? If

so, are lower frequencies always emitted later or can the reverse be true? What

is the emission cuto�? Similarly more available wavelengths can improve the

accuracy of rotation and dispersion measures and aid in determining the line

of sight magnetic �eld which can be a useful probe of the local environment.

The localisation of FRB200428 to Galactic magnetar SGR1935+2154 is very

important to understanding these objects. Further observations of this source,

as well as other Galactic magnetars, could be key to cracking the mystery of the

FRB emission mechanism. A key question that must also be answered is whether

or not there are two distinct FRB populations, the repeaters and apparent non-

repeaters. While evidence exists to support this claim, it can only truly be

veri�ed after the FRB emission mechanism(s) are understood.

The Square Kilometre Array (SKA) which is currently being constructed

will be a very important tool for FRB research (for a brief summary see the
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prospectus). The SKA1-LOW, the low frequency component of the telescope,

will observe between 50-350 MHz with 8 times higher sensitivity than LOFAR.

The SKA is estimated to be able to survey the sky 135 times faster than LOFAR

due to its wider FoV. This implies that even all sky-FRB searches would be viable

with the SKA. The SKA will also have a component array in the 350 MHz - 15.3

GHz range, which will outperform the current best telescopes in that frequency

range too. Solving the mysteries of FRBs is one of the stated science goals of

the SKA and it will surely prove important in this regard.
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Chapter 6

Appendices

6.1 Abbreviations

The following abbreviations have been used in this work:

CCSN Core-Collapse Supernova

CHIME Canadian Hydrogen Intensity Mapping Experiment

DM Dispersion Measure

FOV Field Of View

FRB Fast Radio Burst

FWHM Full Width at Half Maximum

GPU Graphics Processing Unit

HBA High Band Antenna

I-LOFAR Irish-LOFAR

ILT International LOFAR Telescope

IGM Intergalactic Medium

ISM Interstellar Medium

LBA Low Band Antenna

LOFAR Low Frequency Array

PPA Polarisation Position Angle

PRESTO Pulsar Exploration and Search Toolkit
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RCU Receiver Unit

REALTA Real Time Transient Acquisition cluster

RFI Radio Frequency Interference

RM Rotation Measure

RRAT Rotating Radio Transient

RSP Remote Station Processing

SEFD System Equivalent Flux Density

SGR Soft Gamma-ray Repeater

SIGPROC (Pulsar) Signal Processing program

SKA Square Kilometre Array

SNR Signal-to-Noise Ratio

VLA Very Large Array

VLBI Very Long Baseline Interferometry

VLBA Very Long Baseline Array

6.2 Command List

I provide here a non-exhaustive list of some key commands used to process the

data.

zstd zstandard, this is a compression algorithm used to compress and decom-

press �les for storage

digi�l a DSPSR command used to create a �lterbank �le from various data

formats. In this case it is used with the argument "-n 8" to reprocess

existing 32-bit �lterbanks into 8-bit ones. This command also removes the

bandpass o�sets, 
attening the spectrum.

header A SIGPROC command to read the header of a �lterbank �le.

bandpass A SIGPROC command that can produce a bandpass spectrum from

a �lterbank �le.
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RFI�nd A PRESTO command that searches for various forms of RFI. Various

aspects of the search can be speci�ed by the user, arguments exist to

specify the integration time (a lower time might be better at removing

narrower signals, but is more computationally intensive), to disable 0-DM

RFI removal (perhaps useful if looking at a low DM source). This command

ultimately produces a mask of bad time intervals and channels that it

recommends removing. A plot is produced which looks at the data as

a whole and highlights regions in the mask. Periodic interference is also

listed, these are called "birdies" and can be analysed and removed using

other PRESTO commands.

RFI�nd stats.py A python script that comes with PRESTO. This script is

run on one of the output �les from RFI�nd. This produces a bandpass

spectrum and a list of the channels to be ignored by various criteria.

Heimdall The Heimdall run command that executes the entire Heimdall search

pipeline. Some of the arguments used in this work were;

-no scrunching disables the default "adaptive time scrunching" behaviour.

Scrunching attempts to reduce dispersive smearing by lowering the time

resolution by a factor of 2. This lowers the SNR of a pulse and in practice

this reduces our sensitivity for no real gain, as we have already coherently

dedispersed to reduce smearing.

-zap chans was used to ignore bad frequency channels

Other arguments were used to specify the DM range, RFI excision tolerance

(7) and options exist to disable certain types of RFI excision altogether.

pointing jones A DreamBeam command that computes the Jones matrix cor-

responding to the antenna response of a telescope for given coordinates

at a given time. The Print|Plot option will switch between printing the

Jones matrix to terminal or plotting the antenna response as in �gures

4.2 and 3.4. In this case options were used to select I-LOFAR's HBAs by

specifying 'LOFAR HBA IE613'.
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