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Targeted Fast Radio Burst Searches with the Effelsberg 100-m Radio
Telescope

Abstract

by G. Henning Hilmarsson
for the degree of

Doctor rerum naturalium

Fast radio bursts (FRBs) are bright, energetic, millisecond duration radio bursts
of extragalactic origin. The source of FRBs still remains an open problem. Since
the discovery of FRBs in 2007, over 100 FRBs have been detected. Most FRBs
are single-burst events, while others are observed to be repeating sources. Due
to their cosmological origin, FRBs can be used as probes of the intergalactic
medium and the medium of their host galaxies.

Roughly ten FRBs have been localised to a host galaxy. Of those, FRB121102
was both the first discovered repeating FRB and the first FRB localised to a host
galaxy, and was the primary motivation for the vast majority of the observations
performed in this thesis. The FRB121102 bursting source has been proposed to
originate from a magnetar within a supernova remnant (SNR), a scenario that
can account for repeating bursts, an associated persistent radio source (PRS),
and large Faraday rotation measures (RMs).

Large, single-dish telescopes have high sensitivities and small fields of view,
making them ideal for targeted and follow-up surveys. This thesis focuses on
targeted FRB searches with single-dish telescopes, with the Effelsberg 100-m ra-
dio telescope at the forefront. The surveys in this thesis were performed in order
to obtain a better understanding of the origin of FRBs, specifically repeating
ones, by observing known FRBs and potential hosts of FRB sources, with each
scientific chapter being a different approach to that goal.

The commissioning of a phased array feed (PAF) receiver at Effelsberg is
presented in Chapter 3. With PAFs, highly customisable beams can be formed
on the sky, providing more flexibility than typical multi-beam receivers while also
having a larger field of view. PAFs and their use cases are introduced, along with
a detailed discussion on the Effelsberg PAF observations at 1.4 GHz. The main
observing targets were PRSs associated with galactic disks or star formation
regions to search for FRB121102-like bursting sources, and other FRBs such as
two of the repeating FRBs, FRB121102 and FRB180814.J0422+73. No bursts
were detected, so upper limits (ULs) to the burst rates were calculated based on
the observations. The burst rate of FRB121102 was also scaled to each PRS.
The scaled rates of five of the eleven PRSs were constrained by the UL rates
at the 95% confidence level (CL), rejecting the hypothesis of an FRB121102-like



source associated with those PRSs.

Chapter 4 presents the observations of ten superluminous supernovae (SLSNe)
and long gamma-ray bursts (LGRBs) with Effelsberg using the S45-mm receiver
at 5.3-9.3 GHz. SLSNe and LGRBs were targeted due to the similarities be-
tween their host galaxies and the host galaxy of FRB121102, and were therefore
observed to search for FRB121102-like sources. As no bursts were detected, UL
burst rates and scaled FRB121102 rates to each target were calculated. None of
the scaled rates were constrained by the ULs at the 95% CL. Furthermore, a PRS
concident with the SLSN PTF10hgi was added as a target and observed with
the PAF at Effelsberg and the ultra-wideband-low (UWL) receiver at the Parkes
64-m radio telescope in Australia. The FRB121102 rate scaled to PTF10hgi was
excluded at the 99% CL. The apparent clustering of bursts from FRB121102 can
be explained with a Weibull distribution. For such a distribution, a non-detection
probability of 14% and 16% was calculated for the PAF and UWL observations,
respectively.

Chapter 5 investigates the temporal RM evolution of FRB121102. Faraday
rotation is the rotation of the linearly polarised plane of a signal induced by the
line of sight magnetic field. The rate of this rotation across frequency is quantified
by the RM. The first RM measurements of FRB121102 was exceptionally high,
1.46 x 10° rad m~2 in the source reference frame, decreasing down to 1.33 x
10° rad m~2 in seven months. In Chapter 5, sixteen additional FRB121102 RM
measurements are presented from burst detections with the Arecibo 305-m radio
telescope, the Effelsberg 100-m radio telescope, and the Karl G. Jansky Very
Large Array, showing a continued decreasing trend in RM over time down to 9.7 x
10* rad m~? at the most recent epoch of August 2019. Erratic, short-term RM
variations of ~ 10® rad m~2 per week were seen from multiple detections within
a 30-day window. The complete RM sample of FRB121102, spanning 2.5 years,
was compared to theoretical RM evolution models of magnetars within SNRs.
The data were inconsistent with model varieties where the remnant magnetar is
surrounded by a constant density interstellar medium. However, the data agree
with model varieties where the magnetar is surrounded by a magnetar wind
nebula. The age of the FRB121102 bursting source was also estimated based on
the RM evolution models and was found to be 6-17 years old at the time of the
first FRB121102 RM measurement (at the end of 2016). The RM evolution of
FRB121102 is also compared to the Galactic center magnetar, PSR J1745-2900,
which has shown a similarly drastic decrease in its absolute RM over time.
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God
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“One of the major difficulties Trillian experienced in her relationship with Zaphod
was learning to distinguish between him pretending to be stupid just to get people
off their guard, pretending to be stupid because he couldn’t be bothered to think and
wanted someone else to do it for him, pretending to be outrageously stupid to hide the
fact that he actually didn’t understand what was going on, and really being genuinely
stupid. He was renowned for being amazingly clever and quite clearly was so - but not
all the time, which obviously worried him, hence, the act. He preferred people to be
puzzled rather than contemptuous”

Douglas Adams
The Hitchhiker’s Guide to the Galaxy
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CHAPTER 1

Introduction

The fast radio burst (FRB) branch of astronomy is relatively new, being just over a
decade old, with the inaugural FRB discovery made in 2007. The FRB field emerged
from pulsar astronomy following the increased interest in single pulse searching for the
then-recently discovered (2006) rotating radio transients (RRATS) in the time-frequency
domain, instead of the standard pulsar Fourier-domain periodicity search.

FRBs are bright, short-duration radio transients, lasting only a few milliseconds,
and have been detected from directions all over the celestial sphere. FRBs originate
from extragalactic sources, and from their inferred distances and brightess they are
2 10 orders of magnitude brighter than canonical pulsars (Pietka et al., 2015), thus
requiring vast amounts of energy to produce (~ 103 erg). To date there are over 100
published FRBs! (Petroff et al., 2016), and their all-sky event rate is estimated to be
on the order of ~ 10% sky~! day~! above a 1 Jy ms fluence threshold? (Petroff et al.,
2019). FRBs have been detected within a relatively wide range of the radio spectrum,
from roughly 0.3 GHz to 8 GHz. Some FRBs have been observed to repeat, while
others have only occurred once, despite extensive efforts to observe repeat bursts. The
origin of FRBs is still an open problem.

The first FRB discovery was made in 2007 at the Parkes Observatory in New South
Wales, Australia, while searching in archival pulsar data from 2001 (Lorimer et al.,
2007). The first few FRB detections were all made at Parkes (Lorimer et al., 2007;
Keane et al., 2012; Thornton et al., 2013; Burke-Spolaor & Bannister, 2014). A new
class of FRB-like radio frequency interference (RFI, §2.2), dubbed Perytons, was also
discovered at Parkes around the time of the first FRB detections. Luckily, the source
of Perytons was quickly discovered. They were found to be RFI generated on-site by a
microwave oven, which was promplty put out of commission (Petroff et al., 2015a).

Later on FRBs started to be detected at telescopes all around the world. The earlier
FRB surveys were carried out using single-dish telescopes. While successful in finding
FRBs, these surveys had the significant drawback of not being able to localise FRBs due
to the poor localisation capabilities of single-dish telescopes. Some of the successful
single-dish surveys dedicated to finding FRBs include detections from Parkes (Ravi
et al., 2015; Petroff et al., 2015b; Champion et al., 2016; Bhandari et al., 2018), the
Arecibo Observatory in Puerto Rico (Spitler et al., 2014a), the Green Bank Telescope
in the USA (Masui et al., 2015). Conducting surveys with an interferometer enables
the localisation of FRBs. The larger field of view also results in more FRBs being
detected. Interferometric surveys that have detected FRBs, with some either localising

1frbcat.org
21 Jy=10"* erg cm™2 57! Hz™!
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or highly constraining the localisation region of FRBs, include the upgraded Molongolo
Observatory Synthesis Telescope (UTMOST) in Australia (Farah et al., 2018, 2019),
the Australian Square Kilometer Array Pathfinder (ASKAP) (Bannister et al., 2017;
Shannon et al., 2018), the Deep Synoptic Array ten-antenna (DSA-10) in the USA (Ravi
et al., 2019), and the Canadian Hydrogen Intensity Mapping Experiment (CHIME)
using the CHIME/FRB instrument (CHIME/FRB Collaboration et al., 2019a,b).

The landmark re-detection of an FRB, FRB121102 (Spitler et al., 2016), introduced
excitement and confusion within the FRB community. The FRB catalog now included
a repeating FRB and apparent one-off FRBs, perplexing the radio astronomy commu-
nity to this day. This initiated important questions which remain unanswered, such as:
Is the FRB population split into two distinct classes: cataclysmic and non-cataclysmic
events explaining non-repeating and repeating FRBs? Or do all FRBs repeat, but re-
peat bursts are much weaker than the first burst, resulting in them not being detected?
As of writing there are currently around 20 repeating FRBs published in the literature.
FRB121102 (Spitler et al., 2014a) and FRB180916.J01584-65 (CHIME/FRB Collabo-
ration et al., 2019a) are repeating FRBs of special interest, and are discussed further
in §1.3 and §1.4, respectively. Additionally, FRB-like bursts have been detected from
the Galactic magnetar SGR 193542154, which are further examined in §1.5.

The naming convention of FRBs is rather straightforward, starting with “FRB”,
followed by six digits indicating the date of the detection in a “YYMMDD” format.
FRB121102 was therefore discovered on November 2nd, 2012. With highly successful
FRB detection telescopes like CHIME, multiple bursts can be detected at the same
date, requiring an extension of the current standard. The solution, inspired by the
naming convention of pulsars, was to append the J2000 coordinates of the detection to
the standard name, e.g. FRB180916.J0158+65°.

1.1 Rates and Properties of FRBs

Observed FRB rates can be used to predict results of future surveys, as well as com-
paring to the rates of possible FRB-generating sources. The properties of FRBs can
help deciphering the unanswered question of how, and what, generates FRBs.

Before discussing rates and properties of FRBs, it is important to first introduce the
units of flux density and fluence. In radio astronomy it is more common to use units
of flux density and fluence instead of flux. Flux density, S, is measured in Janskys,
which has an SI unit of 10726 W m=2 Hz ™!, or 10723 erg s~! cm™2 Hz ™! in cgs units.
Fluence, F = S x W, is in Jy ms, where W is the burst width in milliesconds. Flux
density and fluence are easily interchangable, and it is good practice to pay attention
to which is being used at each time in the literature to avoid confusion.

3 The FRB community discussed the best solution to expand the naming convention during the
annual FRB conference in Amsterdam, 2019. Strong opinions for and against various conventions arose,
and the discussion seemed to be barreling towards another “Great Debate”, as the one in 1995 where
the GRB community debated over cosmological and Galactic origin of GRBs, before the moderators
ended the discussion abruptly due to time constraints. At that point CHIME FRBs had already been
named using the J2000 solution, resulting in the community accepting it as the tentative standard.
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The all-sky burst event rate of an FRB survey can be calculated simply from the
number of FRBs detected (Npgrp), the survey observing time (Tgps, hours), and the
fraction of the sky observed, or sky coverage, of the survey (£, deg?) with

24 47 x (180/7)*
Tobs Qs

Rgurvey = NFRB sky ™! day . (1.1)
Even though the total number of detected FRBs is fairly low (~ 10?), survey detections
translate to surprisingly high all-sky rates of ~ 103 — 10* bursts per sky per day
(e.g. Thornton et al., 2013; Champion et al., 2016; Bhandari et al., 2018; Patel et al.,
2018). Due to the varying sensitivity between telescopes and receivers, burst rates are
expressed as the rate above the minimum fluence detection threshold of each survey,
which in general lies between ~ 0.1 — 30 Jy ms.

The FRB sky-rate can be converted to a volumetric rate, which is often done in
order to compare the FRB event rate to the rate of other transients such as gamma-ray
bursts or supernovae. A volumetric rate can be obtained from a daily sky-rate of R
with

Ryol = 365 Gpe™2 yr 1, (1.2)

Vmax
where Viax is the maximum volume to which the survey is sensitive to. The volume is
calculated as

max’

4
Vmax = ?ﬂ— d3 (13)

where dpax is the maximum distance to which the survey is sensitive to. To esti-
mate dpyax one can use either luminosity distance or co-moving distance (see discussion
around Eq. 1.8), both of which can be estimated based on the survey fluence limit. The
luminosity distance needs to be converted to co-moving distance to properly describe
dmax- To use luminosity distance, one has to make assumptions about the intrinsic
luminosity of FRBs, which is still an open problem. The other way is to estimate a
redshift to which a survey is sensitive to, and obtain a co-moving distance from that red-
shift. An example of this is in Bhandari et al. (2018), where they obtain a sky-rate from
Parkes FRBs of 1.7{89 x 103 sky~! day~!, out to a redshift of 1 (co-moving distance of
3.35 Gpc). The volumetric rate obtained from Eq. 1.2 is thus 2000 — 7000 Gpc=3 yr—1.

A caveat to the observed FRB burst rate is that the bursts may be beamed, meaning
that they may not be isotropic. This in turn means that the actual burst rate is higher
than the observed one, and by how much depends on the still-unknown FRB beaming
fraction.

The observed rate of a survey (Eq. 1.1) can be used to estimate an expected burst
rate of another survey. The rate and minimum fluence threshold of a reference survey
can be scaled to the fluence threshold of the intended survey as (Connor et al., 2016)

fmin 7
R= Ry | =22 ) 1.4
f <-Fmin,ref) ( )

where the “ref” underscore denotes the reference survey and v is the FRB brightness
distribution power-law index.
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The power-law index can be estimated from the FRB source-count distribution,
which estimates the number of sources above a specific flux density (or energy/fluence)
and is assumed to be a power-law as (Crawford et al., 1970)

N(S > Siin) o S7

min*

(1.5)

For uniformly distributed sources in a Fuclidean Universe, v is equal to -1.5. For the
Parkes and ASKAP FRB samples, James et al. (2019) find v to be —1.18 £+ 0.24 and
—2.20 £ 0.46, respectively, and v = —1.52 £ 0.24 for the combined sample. They find
this result incompatible with a single power-law, implying a steepening in the FRB
source-count distribution in the fluence range 5-40 Jy ms.

A flux density function power-law index can also be determined for single sources.
For FRB121102, v has been estimated from a number of surveys. Combining re-
sults from multiple telescopes at multiple frequencies, James (2019) obtain a value of
v = —0.9+0.2. FRB121102 surveys using the Westerbork Synthesis Radio Telescope
(WSRT) (Oostrum et al., 2020) and Arecibo (Gourdji et al., 2019) have yielded a 7 of
—1.7+ 0.6 and —1.8 £ 0.3, respectively.

Another way to estimate the FRB distribution is with a Schechter luminosity func-
tion, which is generally used to estimate the distribution of stars or galaxies per lumi-
nosity interval (Schechter, 1976). The source count distribution is

otoxn) = (L) e (L), 15)

where L, is a cut-off luminosity. Luo et al. (2018) find L, ~ 5 x 1019 L and —1.8 <
~v" < —1.2, consistent with power-law indices of pulsar giant pulses at low frequencies
(Karuppusamy et al., 2012), pulsars (Han et al., 2016; Jankowski et al., 2018), short
and long gramma-ray bursts (Sun et al., 2015; Pescalli et al., 2016), and compact binary
mergers (Cao et al., 2018).

The observed widths of FRBs lie in the range of ~ 0.1 — 40 ms (Petroff et al.,
2016). The widths between bursts of repeating FRB sources also vary, with FRB121102
having bursts widths between 0.1-14 ms (Hessels et al., 2019; Gourdji et al., 2019), and
FRB180916.J0158+65 with widths of 0.5-9 ms (The CHIME/FRB Collaboration et al.,
2020a). At higher radio frequencies (4-8 GHz), FRB121102 seems to consistently have
burst widhts < 1 ms (Michilli et al., 2018a; Zhang et al., 2018).

The majority of FRB observations have been carried out at frequencies centered
around 1.4 GHz. Other common central frequencies include 0.6, 5, and 6 GHz. For
the lower observing frequencies (< 2 GHz), observing bandwidths are generally 300
400 MHz (e.g. CHIME, Effelsberg L-band, Arecibo L-band) or less, while the higher
observing frequencies the bandwidths are in the range of 1-4 GHz (e.g. Effelsberg
C-band, Arecibo C-band, VLA C-band). The lowest frequency detection of FRBs is
300 MHz, where multiple bursts from FRB180916.J0158+-65 were detected in both the
298-362 MHz band of the Sardinia radio telescope (SRT, Pilia et al., 2020) and the
300—400 MHz band of the Robert C. Byrd Green Bank Telescope (GBT, Chawla et al.,
2020a). On the other hand, the highest frequency FRB detection is 8 GHz, where
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bursts from FRB121102 were detected in the 4-8 GHz band of the GBT (Gajjar et al.,
2018; Zhang et al., 2018).

Attempts have been made to describe the frequency dependency of FRB brightness,
or flux density, as a power-law with a spectral index, a, where

Sy o £ (1.7)

The spectral index is poorly constrained due to small observing bandwidths and lack
of simultaneous detections over a wide range of bandwidths. From simultaneous
FRB121102 observations using Effelsberg at 1.4 GHz and the low frequency array
(LOFAR) at 150 MHz, Houben et al. (2019) obtain a spectral index lower limit of
—1.240.4 based on Effelsberg detections and LOFAR non-detections. Macquart et al.
(2019) calculate o on a burst-by-burst basis from 23 ASKAP FRBs and obtain a mean
spectral index of o = —1.6J_r8:§, which is consistent with the Galactic pulsar spectral
index of ~ —1.6 (Jankowski et al., 2018). From a simultaneous detection of FRB121102
using the Karl G. Jansky Very Large Array (VLA) at 3 GHz and Arecibo at 1.4 GHz,
Law et al. (2017) find « = 2.1, which is in stark contrast to the aforementioned results,
and argue that burst spectra of FRBs are not well described by a power-law.

Polarisation properties (linear/circular polarsiation, rotation measure) have only
been measured for ~ 20 different FRB sources (Petroff et al., 2016). Linear polari-
sation fractions have been measured between ~ 0 — 100%, and in five cases circular
polarisation has been measured (3 — 30%). The majority of observed rotation mea-
sures (RMs) lie in the absolute value range of < 20 rad m~2, while some have RMs
of ~ 10% rad m~?, exceeding the expected Galactic and intergalactic contribution,
suggesting a dense magneto-ioinic environment local to the bursting source. Two of
the observed FRB RMs are particularly interesting: FRB110523 (Masui et al., 2015),
which has an RM value consistent with propagation through a host galaxy disk, and
FRB121102, whose bursts exhibit monumentally large RMs (Michilli et al., 2018a).
Polarisation properties of FRBs and how they are extracted from data are explained
in §1.2.3 and §2.5, and are discussed in more detail with regards to FRB121102 and
FRB180916.J0158-+65 in §1.3 and §1.4, respectively.

The redshift of an FRB bursting source can be estimated from the DM (§1.2.1).
Converting from redshift to a physical distance requires an assumption of a model for
the expansion of the Universe. Generally, a flat ACDM universe is assumed. Cosmolog-
ical distances can be derived from redshift, namely co-moving distance (D.), angular
diameter distance (D4), and luminosity distance (Dr,). One can use online calculators
to obtain these distances* (e.g. Wright, 2006). The co-moving distance can be viewed
as the physical distance to a source, as it does not change in time and takes the expan-
sion of the Universe into account. Angular distance is defined as the proper size of an
object divided by its angular size viewed by an observer. Luminosity distance is the
distance based on the measured flux, F', and the intrinsic luminosity, L, of an object
and can be expressed using the inverse square law as

2 L

D = —— 1.8
L 47_th ( )

‘astro.ucla.edu/~wright/CosmoCalc.html
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where F is in units of W m~2 and L in units of W.
Luminosity distance can be used to calculate the energy of a burst (Petroff et al.,

2019)
ErrB ~ (Gpc) <0.1 Jy ms> ( GHz 4mt 107 erg, (19)

where Dj, is the luminosity distance, F is the fluence, A frrp is the burst emission
bandwidth, and 62 is the emission solid angle in steradians. An observer does not
necessarily have the complete information on A fprp as the burst bandwidth is rarely
completely contained within the observing bandwidth. Therefore the bandwidth term
in Eq. 1.9 is replaced by the blueshifted observing bandwidth, A fo,e(1 4+ 2z)~!. The
emission mechanism of FRBs is still unknown, so one can assume isotropic emission
(6Q ~ 4m) and obtain upper limits, or assume some beaming solid angle, e.g. one
steradian (Thornton et al., 2013). FRBs have been found to have energies in the range
of ~ 1037 — 10*! erg (Keane & Petroff, 2015; Petroff et al., 2016; Gourdji et al., 2019).

An important property of FRB emission is brightness temperature, 7},, which can

help explaining the FRB emission process. Brightness temperature is the blackbody
temperature radiating in the Rayleigh-Jeans portion of the Planck spectrum,

2kTy,
A2
where I is the spectral intensity, k is the Boltzmann constant, and A is the wavelength.

The specific intensity of a burst of duration W and peak flux density Speax is (Cordes
& Chatterjee, 2019)

Iy = (1.10)

Speak

O
The light travel time across the source defines its maximum size (Lorimer & Kramer,
2012),

I~ (1.11)

r<cW, (1.12)
which in tandem with angular diameter distance, D 4, enables one to write 6{) as
cW\?
O~ [ — ) . 1.1
(52) (1.13)

By combining Eqs 1.10-1.13 the brightness temperature can be written as

~ ( Speak DN/ f \ P (W\? 4436
I%__< gy > <Gpc> (k}Hz> <nm> (142)77107 K, (1.14)

where f is the central observed frequency and the conversion between angular and
luminosity distance D4 = D (1 + 2)~2 is utilized (Macquart & Ekers, 2018). The
brightness temperature of FRBs is T}, ~ 103> K. Such high brightness temperatures
require coherent emission, as brightness temperatures of 73, > 102 K cannot be pro-
duced by incoherent emission (Readhead, 1994). Coherent radiation is when photons
or waves are emitted in phase. An electron bunch consisting of N electrons, with all

electrons radiating in phase, results in radiated power being proportional to N? instead
of N (Lyne & Graham-Smith, 2012). Lasers and masers are also sources of coherent
emission.
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1.2 Propagation Effects

FRBs travel long distances from its source before it reaches an observer on Earth. The
FRB signal does not travel unaffected as it would in vacuum, as the space between
stars in the galaxies and the space between galaxies themselves is filled with ionised
medium.

Being a broad-band signal, FRBs will undergo frequency-dependant changes during
its propagation through cold plasma. These changes have an effect on how a signal
looks like to an observer compared to the original emitted signal, and in some cases
the changes can be so dramatic that a signal is undetectable by an observer. The main
propagation effects of FRBs, namely dispersion measure, rotation measure, scattering,
and scintillation will be addressed in the following sections.

FRBs originate at cosmological distances, so redshift effects of radiation propagation
and time will occur. These effects will be discussed when applicable.

1.2.1 Dispersion Measure

Electromagnetic (EM) radiation from FRB sources travels through the intergalactic
medium (IGM) and the interstellar media (ISM) of both the host galaxy and the Milky
Way before reaching an observer on Earth. The IGM and ISM are both composed
of cold plasma, and will therefore have a frequency dependent effect on the group
velocity, vg, of traversing EM radiation. The group velocity of an EM wave traversing
such media is (Lorimer & Kramer, 2012)

ve(f) = cy[1— (];5’)2 (1.15)

where c is the speed of light, f is the frequency of the wave, and f, is the plasma
frequency, given by (Cordes, 2002)

€2n,

:8.5( e )1/2 Kz, (1.16)

cm—3

o= TMe
where e is the electron charge, ne is the free electron number density, and m, is the
electron mass. One can make several deductions based on Eq. 1.15. First, a frequency
lower than f}, is unable to pass through the plasma. Second, as f approaches infinity,
the group velocity approaches ¢ and and EM wave travels through the medium as it
would in vacuum. Third, and most relevant to the study of FRBs, is that each frequency
has a different group velocity so the higher frequencies of the signal travel faster than
the lower. This means that for a broad-band signal where all frequencies are emitted
simultaneously, the higher frequencies of the signal arrive earlier at the telescope, and
the full extent of the signal is spread over time. This phenomenon is referred to as
dispersion.
The arrival time difference between the frequency boundaries of a broad-band signal
can be calculated by integrating the electron number density along the line of sight
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Figure 1.1: Dynamic spectrum of a simulated FRB with a DM of 500 pc cm™3 at
different frequency ranges. Left panel: 7-beam receiver frequency range. Right panel:
CX receiver frequency range.

(LoS) to the emitting source, resulting in

1 1

At =D DM (— — —) S, (1.17)
fo £

where fi, and f; are the bottom and top frequencies of the signal respectively, D is the

dispersion constant, defined as

e2

~ 4.15 x 10> MHz? pc™! ecm?® s, (1.18)
TMeC

and DM is the dispersion measure of a signal which has traveled a distance d, given by
d
DM = / ne dl pc em™3, (1.19)
0

The DM of an astrophysical signal can be directly measured from the arrival time
difference between the signal’s frequencies. The arrival time difference between the
frequency boundaries is referred to as the DM sweep, and can be used to crudely
estimate the DM of a signal through Eq. 1.17. More appropriate methods used to
determine DM are discussed in §2.3.

Figure 1.1 shows the dynamic spectrum (frequency versus time) of a simulated FRB
with a DM of 500 pc cm™3, exhibiting the difference of the DM sweep between two
different frequency ranges. These ranges are the bandwidths of two commonly used
receivers at the Effelsberg 100-m radio telescope, the P217mm (commonly known as the
7-beam) receiver, which has a bandwidth of 300 MHz between 1.21-1.51 GHz, and the
S45mm (commonly known as the CX) receiver, which has a bandwidth of 4000 MHz
between 4-8 GHz. The DM time delay of this signal across the bandwidths of these
receivers can be calculated using Eq. 1.17, and is 0.51 and 0.10 seconds in the frequency
bands of the 7-beam and CX receivers, respectively.

As Eq. 1.19 shows, DM is simply the integrated free electron column density along
the line of sight, and can thus be used as a proxy for distance. In order to estimate the
distance, models of the electron content for both the IGM and ISM are needed.
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1.2.2 DM Budget and Redshift Estimate of FRBs

To estimate the distance to an FRB based on its DM, one first needs to account for
each contributing factor of the total DM. The total DM of an FRB can be written as

DM = DMmw + DMyw halo + DMiam + DMyt (1.20)

where the contributions are: DMyw from the Galaxy, DMpiw halo from the Galactic
halo, DMigym from the IGM and possible intervening halos, and DMy from the
host galaxy, its halo, and the local environment of the FRB. The distance a signal
travels within our Galaxy and its host galaxy is negligible compared to the cosmological
distances it travels through the IGM, thus the distance to the bursting source can then
be estimated from a relation between DMjgy and redshift, once the other DM factors
have been accounted for.

The two main models used to estimate the Galactic free electron content (and thus
DMyw) are NE2001 (Cordes & Lazio, 2002) and YMW16 (Yao et al., 2017). The
NE2001 model estimates the Galactic free electron content based on DMs of Galactic
pulsars and contains several electron density distribution components such as the spiral
arms, the local arm, and overdense components representing small scale structures.
As the name suggests, the model is based on the measurements available at the end
of the year 2001, but it still remained as the de facto standard in pulsar and FRB
astronomy until the release of YMW16. The YMW16 model incorporates numerous
additional pulsar DM measurements from more recent results. Like NE2001, YMW16
takes into account contributions from various Galactic components, and extends to the
Magellanic clouds as well. For FRBs, these models are used to calculate the Galactic
DM contribution along the line of sight to the source. DMyw typically does not exceed
100 pc cm™3 for LoSs away from the Galactic plane.

Prochaska & Zheng (2019) estimate DMpyw halo to be 50-80 pc cm™3. Their es-
timation is based on DM contributions from nearby ionised and neutral high velocity
clouds and highly ionised oxygen ions in the Galactic halo.

In a flat ACDM universe, DM is related to redshift, z, through (Deng & Zhang,
2014)

DMgm = (1.21)

3cHowficm [ x(2)(1+ 2)dz

8rGm, /0 [Qn (1 + 2)3 + Q127
where Hq is the Hubble constant, figm is the fraction of baryons in the IGM, G is
the gravitational constant, m, is the proton mass, x is the free electron number per
baryon in the Universe, and €2, €,,, and 25 are the baryon, matter, and dark energy
density parameters, respectively. By adopting the Planck results for the cosmological
parameters (Planck Collaboration et al., 2016), Zhang (2018a) obtains an estimate of
Eq. 1.21, assuming figym = 0.83 and x = 7/8, for z < 3 of

z ~ DMjanm /855 pc em ™3, (1.22)

This relation has been found to be in agreement with DM measurements of localised
FRBs (Ravi et al., 2019; Bannister et al., 2019). An important note is that LoS vari-
ations due to intervening haloes as high as 1000 pc cm™ in DMjgy for redshifts up
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to 1 might occur depending on halo gas profile models of ionised baryons (McQuinn,
2014).

DMpest in Eq. 1.20 is the DM value in the reference frame of the observer. Electro-
magnetic phase deviation in cold plasma can be written as (Rickett, 1990)

¢ = —\re. DM, (1.23)

where A\ is the wavelength and r. is the electron radius. The redshift relation between
observed and emitted wavelengths,

142= )\observed (124>

)\emitted ’
and that the electromagnetic phase is invariant (Jackson, 1962), can be used along
with Eq. 1.23 to show that the observed DMy from a galaxy at a redshift z is
DMyt X (14 z) in the source reference frame.

Estimating DMyst of FRBs depends on whether they have been localised to a host
galaxy or not. The difference lies in how the remainder of the DM budget is handled
after subtracting DMyw and DMyrw nalo- For non-localised FRBs this is a non-trivial
task, as it depends on numerous factors: FRB progenitor model, local environment,
host galaxy type and orientation, and the LoS through the host (Walker et al., 2018).
This can be handled by either ignoring DMt and obtaining the redshift upper limit
to the burst using Eq. 1.22, or by making assumptions about DMy, to obtain DMgnm
from which a redshift is obtained. On the other hand, this becomes a manageable
endeavor for localised FRBs. Their host has a determined redshift which can be used
to estimate DMiagym with Eq. 1.22. The DM remainder can then be attributed to
DMhost-

1.2.3 Faraday Rotation

As discussed in §1.2.1, an EM wave traversing cold plasma will be affected by dispersion.
If the plasma is magnetised along the LoS, the wave is also subject to another effect,
called Faraday rotation. Faraday rotation is the rotation of the linearly polarised plane
of a signal, induced by the magnetic field parallel to the direction of its propagation.

Any polarisation can be written as a combination of left-hand circularly polarised
(LHCP) and right-hand circularly polarised (RHCP) waves. The LHCP and RHCP
waves have different phase velocities, and it is from that difference where Faraday
rotation arises. The phase velocity is (e.g. Suresh & Cordes, 2019)

up(f) = ? (1.25)

where k = 27tf/c is the wave number in a vacuum. In cold, magnetised plasma the
wave number also contains a term for a frequency dependent refraction index, u(f),
i.e. (e.g Lorimer & Kramer, 2012)

gy = 200 2y T o
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with fg being the cyclotron frequency

eB) B
B = Trmec ~ & x 3 MHz, (1.27)
where B) is the magnetic field along the line of sight in gauss. The F sign in Eq. 1.26
refers to the different propagation speeds of the RHCP (“—” sign) and LHCP (“+” sign)
waves in a magnetised medium. The phase rotation difference between the RHCP and
LHCP waves is expressed as

d
AV paraday (f) = / (krucp — kuucp) dl, (1.28)
0

where d is the distance that the waves have traveled through magnetised medium.
By inserting the expressions for krpcp and kppcp from Eq. 1.26 into Eq. 1.28, and
assuming that f > f, and f > fg, the phase rotation difference becomes (Lorimer &
Kramer, 2012)
e3 d

A\IjFaraday(f) - TW/O neB” di. (129)
This differential phase rotation is periodic in phase on 27t. Faraday rotation however
exhibits itself as the rotation of the polarisation position angle (PPA) on the linear
polarisation plane and is therefore periodic on 7 (e.g. Everett & Weisberg, 2001). The
change in PPA is then

AW arada; 2
AWUppy = — Foraday _ <C> RM, (1.30)

where the rotation measure (RM) is

e3

d
RM / neBy dl rad m™2. (1.31)
0

~ 2rtm2ct
The intensity of the Faraday rotation effect is thus measured through RM. RM can be
either positive or negative depending on the direction of the magnetic field. If positive,
the magnetic field is directed towards the observer, and if negative, the direction is
away from the observer.

RM can also be used in tandem with DM to gauge the average magnetic field
strength through the LoS of a signal (ignoring any variations along the LoS) by using
Egs. 1.19 and 1.31 to obtain (e.g Mitra et al., 2003):

(B|) = 1.232( RM 2) < DM >_1 uG. (1.32)

rad m~ pc cm—3

Due to the cosmological origins of FRBs, redshift effects on the RM must be taken
into account. Through Egs. 1.24 and 2.8 one can obtain the following relation,

RMsource

RMO S = 71 N9
b (14 2)2

(1.33)
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where RM, s is the observed RM, and RMggurce is the RM in the source frame.
However, RMps can not be solely attributed to the source, as magnetic fields in
the IGM and ISM also contribute to Faraday rotation. Out to the maximum redshifts
of observed FRBs, z ~ 1, the maximum absolute RM value expected from the IGM
is RMigy ~ 10 rad m~2 (Akahori et al., 2016; Hackstein et al., 2019). To estimate
the Galactic ISM RM contribution, one can use either of the Galactic electron content
models, NE2001 or YMW16, along with a model of the Galactic magnetic field (e.g.
JF12; Jansson & Farrar, 2012). RMgy will vary depending on the LoS, but generally

does not exceed ~ tens of rad m—2.

1.2.4 Scattering

The ionised electrons in the cold plasma of the IGM and ISM are not homogeneously
distributed. This will cause variations in the refractive index, i, introduced in Eq. 1.26
due to the dependency on electron number density in the plasma frequency (Eq. 1.16).
As p is frequency dependent, it will in turn have a frequency dependent effect on the
group velocity of a propagating wave,

Vg = C [L. (1.34)

A broad-band signal will therefore undergo a multi-path propagation. This phe-
nomenon is known as scattering.

A fairly simple model that can reproduce basic properties of observed scattering in
the ISM from pulsars is the so-called thin screen approximation (Williamson, 1972),
where a thin scattering screen with a different refractive index than the rest of the
ISM/IGM is placed approximately midway between the source and the observer. A
simple illustration of this setup is shown in Fig. 1.2. A signal travelling through plasma
within this model experiences phase variations due to the angular deflection of light, 6y,
producing a broadened image of the source with an angular radius 6. If the distance
to the source is d, and the thickness of the scattering screen is a, the angular radius is
(Lorimer & Kramer, 2012)

Ao e An.Vd

Og= 2~ — =<V
T2 T 2mme a f?

(1.35)

where An. is the electron density perturbation caused by the scattering screen. A

signal received at an angle 6; will arrive later than a non-scattered signal. This time

difference scales strongly with frequency and is known as the scattering timescale, given

by

_ bad
c

o f4 (1.36)

Ts

For a Kolmogorov turbulence spectrum of the ISM, the scattering timescale scales with
frequency as 7, oc f~44.

Scattering manifests itself as an asymmetric broadening of a signal as a function of
geometric time delay, At(#), which is calculated using Eq. 1.36 by replacing 64 with 6.
This broadening is a time-dependent intensity known as a scattering tail and appears
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Figure 1.2: A geometrical illustration of a thin scattering screen placed halfway between
an FRB source and an observer. The distance between the source and observer is d, and
the thickness of the scattering screen is a. A signal experiences an angular deflection of
Ay due to the scattering screen, producing a broadened image with an angular radius
f4. At the source, the radiation is spatially coherent, but becomes distorted as it travels
through the screen, causing scintillation. The figure is adapted from Cordes (2002).

on the observed pulse shape, I ps(t), as the convolution of a one-sided exponential and
the intrinsic pulse shape, Iin(t), as (Lorimer & Kramer, 2012)

Iobs(t) = int(t) * eiAt/Tsp (137)

where the intrinsic pulse shape is assumed to be a Gaussian. This effect is displayed
in Fig. 1.3, showing how a pulse at 5.5 GHz with 7, = 1 ms would look like at lower
frequencies due to the strong scaling of 75 with frequency. When searching for single
pulses (see Chapter 2), strong scattering can lead to a burst not being detected by
conventional searching methods.

For extragalactic sources, like FRBs, the scattering timescale in Eq. 1.36 needs to
be expanded to include the cosmological distances of the scattering screen and source.
Abandoning the assumption of a scattering screen having to be located halfway between
the source and observer, the cosmological analogue to Eq. 1.36 becomes (Macquart &
Koay, 2013)

_ DSCDSCSO A%

1.38
Dg,  4Am2criy’ (1.38)

T

where Dg. and Dg, are the angular diameter distance to the scattering screen and
burst source, respectively, Dgcso is the angular diameter distance between the scattering
screen and source, g is the observing wavelength, and rq;g is the diffractive scale length.
The diffractive scale length is the scale over which the scattering medium induces one
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Figure 1.3: De-dispersed time series (see §2) of simulated bursts at different central
frequencies with different scattering timescales, 75, using the thin screen approximation.
Each frequency band has 500 MHz of bandwidth, and 75 is scaled with respect to 75 at
the top frequency (1 ms) following 75 oc f~%4.

radian of phase difference to a signal and can be expressed as (Xu & Zhang, 2016)

252 _1-1/2
[(KESCOVSM Iy 4} ,raiff < lo
Tdiff ~ 1/(22 (1.39)
22 /(2-8)
[(HZSCO)? SM} s Taiff > lo,

where 7. is the electron radius, zg. is the redshift to the scattering screen, g is the
turbulence spectral index, Iy is the turbulence inner scale, and SM is the scattering
measure. SM is the integral of the turbulence power spectrum through the scattering
region, and scales with redshift as (Macquart & Koay, 2013)

z z<1
SM ’ 1.40
{(1+z)5/2 2> 1. (1.40)

Through Egs. 1.38-1.39 one can obtain a numerical expression for cosmological scat-
tering, assuming a Kolmogorov turbulence (5 = 11/3), (Macquart & Koay, 2013)

D SM
o —1 eff
T = (1 + ZSC) <1 GpC> <1012 m_17/3>

4 ~1/3
111072 (P2 gl be) T ms ran <o (1.41)
X
19><10—1<A—0)225ms raig > |
: Tm > Tdiff 0,

where D.g is the distance factor in Eq. 1.38, defined as the effective scattering distance,
Dot = DscDscso/ Dso-
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The scattering timescale can be scrutinised further with respect to redshift and the
location of the scattering screen. The scattering screen can either be located within the
host galaxy of the bursting source, or in the IGM. If the screen is located in the host
galaxy, one can assume that Dg. = Ds,, resulting in Deg = Dgcso and zge = 2o, where
zgo is the source redshift. For a scattering screen located in the host galaxy, the SM
can be considered to represent intrinsic properties of host galaxy environments, and
assumed to not change with redshift. Continuing to assume a Kolmogorov turbulence
(8 =11/3), the scattering within the host galaxy results in a scattering timescale of

(1.42)

A2 1+ 2g -3 sraie < lo
Thost = DscSo 0 {( C) '

2.2 _
AT T (14 zs¢) 734 raig > lo.

For the case where the scattering screen is in the IGM, the redshift scaling of Deg needs
to be taken into account. Macquart & Koay (2013) find that Deg scales linearly with
redshift up to z = 1, where it plateaus and starts decreasing with (1 + zSO)_(l_l'S),
depending on the fraction of zg./zs,. They also argue that observed FRBs support the
case where the diffractive scale is less than the inner turbulence scale, so the case of
raig > lo will not be explored here. With this information at hand, along with the SM
redshift scaling in Eq. 1.40, the redshift scaling of scattering from a scattering screen

in the IGM becomes

ZSO » 250 >
TIGM X 1.43
{(1 + 250) 12710290 2 1. (4

1.2.5 Scintillation

Another effect of the inhomogeneities in the IGM and ISM plasma is scintillation. Scin-
tillation causes intensity fluctuations in the frequency spectrum of a signal, known as
scintles. This is caused by frequency-dependent phase differences as a signal undergoes
its multi-path propagation through the aforementioned scattering screen, leading to
constructive and destructive interference patterns, as previously depicted in Fig. 1.2.
The phase difference of signals received over 75 is (Rickett, 1977)

5B ~ 27 f7,. (1.44)

If the waves differ by more than roughly one radian, the interference becomes decorre-
lated. The frequency of interfering waves is limited to a bandwidth, with frequencies
outside this bandwidth not contributing to the interference. This bandwidth is the
scintillation bandwidth, or decorrelation bandwidth, and the condition for interference
is thus (Lorimer & Kramer, 2012)

2MAfrs ~ 1, (1.45)

where Af is the scintillation bandwidth. For a Kolmogorov spectrum this relation
becomes 27tA f1, ~ 1.16.
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Scintillation can be split into two branches, strong and weak. Whether weak or
strong scintillation occurs depends on the scintillation strength, defined as (Rickett,

1990)
U=y /Aff oc dH T (1.46)

where strong scintillation occurs when v > 1 and weak when w < 1. The transition
frequency between strong and weak scintillation, f., is when v = 1, and is obtained

from Eqs. 1.45-1.46 as
~1.16

C2mr,

fe=AFf (1.47)

As the name suggests, weak scintillation results in minor interference modulations.
Eq. 1.46 shows that the scintillation strength is proportional to distance, and inversely
proportional to frequency. Weak scintillations are therefore generally observed from
nearby sources or at high frequencies.

Strong scintillation can be either diffractive or refractive. Refractive scintillation
occurs when a scattering structure incoherently changes the total amount of light reach-
ing an observer. The intensity variations are long-term (hours to days), and results in
an observed signal being uniformly brighter or fainter across the observing frequency.
Diffractive scintillation is the interference (constructive and destructive) of the multi-
path propagation of a signal through a scattering structure, resulting in short-term
intensity variations (seconds to minutes). The way diffractive scintillation appears in
data depends on the observing frequency bandwidth, A fyhs, and the scintillation band-
width, Af. Multiple scintles can be present in a signal if Afy,s > Af, appearing as
intensity modulations in parts of the observing bandwidth. If Af,,s < Af, only one
scintle is sampled at any instant, and modulations between observations can be up to
100% (Lorimer & Kramer, 2012). This can be detrimental to FRB observations, as it
could make a burst completely undetectable due to scintillation.

1.3 FRB121102

The detection of FRB121102 (Spitler et al., 2014a) with the Arecibo Observatory in
Puerto Rico was the first FRB detection with a different telescope than the Parkes
radio telescope in Australia. FRB121102 was detected towards the anti-center of the
Galaxy with a DM of 557 pc cm ™3, three times the expected Galactic DM contribution
according to the NE2001 model, which strongly suggested an extragalactic origin.

In May and June of 2015, 10 more bursts were detected from FRB121102 at Arecibo
(Spitler et al., 2016). The additional bursts had DMs and sky positions consistent with
the original burst, clearly confirming that FRB121102 was indeed the first repeating
FRB. To date FRB121102 has been detected by a plethora of radio telescopes around
the world, including (but not limited to) Arecibo (e.g. Scholz et al., 2016; Hessels et al.,
2019), Effelsberg (e.g. Spitler et al., 2018; Houben et al., 2019; Hilmarsson et al., 2020a),
CHIME (Josephy et al., 2019), VLA (e.g. Chatterjee et al., 2017; Hilmarsson et al.,
2020a), GBT (e.g. Gajjar et al., 2018), and MeerKAT (Caleb et al., 2019).
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Being the only known repeating FRB, FRB121102 was an ideal candidate for
a campaign in order to localise it to a host galaxy. This became a reality when
FRB121102 was detected with the Karl G. Jansky Very Large Array (VLA), en-
abling a sub-arcsecond localisation (Chatterjee et al., 2017). The J2000 position of
the bursting source has a right ascension (RA) of 05"31™58.70° and declination (DEC)
of +33°08'52.5” with an uncertainty of ~ 0.1”. The host galaxy was identified as a
low-mass, low-metallicity dwarf galaxy at a redshift of z = 0.1927 (Tendulkar et al.,
2017). The stellar mass of the host is ~ 1.3 x 10® Mg, and the bursting source of
FRB121102 is located within a star-forming region of the host galaxy (Bassa et al.,
2017b).

The localisation of FRB121102 also revealed a faint (180 wJy), persistent radio
source (PRS) coincident with it (Chatterjee et al., 2017). Using the European VLBI
Network (EVN) and Arecibo, Marcote et al. (2017) were able to see the FRB121102
bursting source and the PRS on a milliarcsecond angluar scale, both of which are offset
from the optical center of the host galaxy. They found that the projected size of the
PRS is £ 0.7 pc and that it is co-located with FRB121102 within < 40 pc.

Bursts from FRB121102 have exhibited extremely high RMs. The first RM mea-
surement of FRB121102 was ~100300 rad m~2, made on December 25, 2016 (Michilli
et al., 2018a). The RM was observed to decrease to ~94000 rad m~2 over the following
seven months (Michilli et al., 2018a; Gajjar et al., 2018). The RM of FRB121102 has
been observed to be decreasing even further, down to ~68000 rad m~2 (Hilmarsson
et al., 2020a, Chapter 5). The vast majority of the RM is thought to originate local to
the bursting source (local environment and host galaxy), as the combined Galactic and
IGM RM contribution is expected to be < 10% rad m~2 (Michilli et al., 2018a). Bursts
from FRB121102 are consistently ~ 100% linearly polarised and the polarisation an-
gles (PAs) are flat across the burst envelopes (Michilli et al., 2018a; Gajjar et al., 2018;
Hilmarsson et al., 2020a).

While the RM of FRB121102 has changed drastically over time, the DM has un-
dergone only minor changes. The initial DM was 557 pc cm ™3 (Spitler et al., 2014a)
and has subsequently been measured to be 559 pc ecm™ (Michilli et al., 2018a) and
564 pc cm—3 (Hilmarsson et al., 2020a), which averages to an increase of roughly
1 pc cm™2 per year. The Galactic and IGM contribution to the DM is estimated
to be ~370 pc cm™3 (Michilli et al., 2018a), meaning that the local environment of
FRB121102 contributes ~190 pc cm ™3 to the observed DM.

A study on the time-frequency structure of FRB121102 bursts has shown that they
exhibit a downward drift in frequency, as well as showing a variety of sub-components.
(Hessels et al., 2019; Gourdji et al., 2019). The downward drifting phenomenon exhibits
itself as burst envelopes shifting towards later times inversely with frequency, shown in
Fig. 1.4. This has changed the standard of dedispersing (§2.3) bursts from maximising
the signal-to-noise ratio to maximising the burst structure. Downward drifting has
also been seen in bursts of other repeating FRBs (CHIME/FRB Collaboration et al.,
2019a,c; Fonseca et al., 2020a). However, this downward drift is not ubiquitous across
all bursts of repeating FRBs.

Simultaneous and follow-up observations of FRB121102 at other parts of the EM
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Figure 1.4: Dedispersed dynamic spectrum of one of the FRB121102 bursts in Hessels
et al. (2019), exhibiting a clear downward drift towards lower frequencies.

spectrum have been performed but without any detection of a counterpart. This topic
will be covered in more detail in §1.7.

Burst activity of FRB121102 seems to go through phases of activity and inactivity.
By analyzing burst arrival times, Oppermann et al. (2018) find that the burst distri-
bution is not Poissonian, but rather follows a Weibull distribution, which takes event
clustering into account (see Chapter 4). Using detections from their survey with the 76-
m Lovell telescope, along with detections in the literature, Rajwade et al. (2020a) find
an apparent period of 157 days, where FRB121102 remains inactive for a contiguous
44% of the time within each cycle.

1.4 FRB180916.J01584-65

One of the first repeating FRBs detected at CHIME was FRB180916.J0158+65
(CHIME/FRB Collaboration et al., 2019¢). The initial positional uncertainty of 7/
in RA and 11’ in DEC made it impossible to associate the bursting source with a host
galaxy. Later on, Marcote et al. (2020) localised FRB180916.J0158+65 to the J2000
position of RA = 01"58™00.7502°+2.3 mas and DEC = 65°43/00.3152” 2.3 mas using
the EVN with the Effelsberg-100 m telescope at the forefront. The EVN observations
consisted of data from eight telescopes, where the data from Effelsberg were used to
search for single pulses. Four single pulses were detected, and data from the EVN
telescopes were cross-correlated to produce radio interferometric images at the burst
arrival times, enabling the aforementioned localisation.

The localisation of FRB180916.J0158+65 revealed a vastly different host galaxy
than the one of FRB121102. The host is a spiral galaxy at a redshift of z = 0.0337,
a solar neighbourhood metallicity and a stellar mass of ~ 10'9 Mg, i.e. 100 times
more massive and with five times higher metallicity than the host of FRB121102
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(Marcote et al., 2020). There is also no PRS above a limit of 18 uJy coincident with
FRB180916.J0158+65. Similar to FRB121102 though, FRB180916.J0158+4-65 resides
within a star forming region of its host galaxy.

The DM of FRB180916.J0158465 is 349 pc cm ™3, of which < 70 pc cm™3 is at-
tributed to DMjst. Its bursts are ~ 100% linearly polarised, and its absolute RM is
~ 10% rad m~2, three orders of magnitude less than FRB121102.

Observations of FRB180916.J0158+65 have revealed an underlying four day burst-
ing phase window with a 16.35+0.18 day periodicity (The CHIME/FRB Collaboration
et al., 2020a). Each cycle does not exhibit the same level of activity, as some cycles are
void of bursts, while others have one or multiple bursts.

1.5 Galactic FRB-like bursts from SGR 1935-}+2154

The soft gamma repeater (SGR) SGR 193542154 is a Galactic magnetar that has until
April 2020 only been detected in the X-ray regime. On April 27th 2020, the Swift Burst
Alert Telescope (BAT) detected multiple X-ray bursts from SGR 1935+2154 (Palmer &
BAT Team, 2020). A bright, FRB-like burst was detected on April 28th 2020 with both
CHIME (The CHIME/FRB Collaboration et al., 2020b) and the Survey for Transient
Astronomical Radio Emission 2 (STARE2, Bochenek et al., 2020). An X-ray burst
temporally coincident with the radio burst was detected with the X-ray/gamma-ray
satellite AGILE (Tavani et al., 2020). The burst in the CHIME 400-800 MHz band-
width was double peaked, and the estimated fluence and energy from the components
combined were ~ 700 kJy ms and ~ 3 x 103 erg, respectively (The CHIME/FRB Col-
laboration et al., 2020b). STARE2 observes between 1280-1530 MHz, and the detected
burst was single peaked, with a fluence of 1.5 MJy ms and an energy of 2.2 x 10° erg
(Bochenek et al., 2020). On May 3rd 2020, the Five-hundred-metre Aperture Spherical
radio telescope (FAST) detected a burst from SGR 1935+2154 (Zhang et al., 2020).
The burst detected in the 1-1.5 GHz bandwidth of FAST was less bright than the
CHIME/STARE2 burst, with a fluence of 60 mJy ms. The burst however had similar
attributes to FRB121102, with a nearly fully linearly polarized burst, and a flat PA
across the burst. The DM of the CHIME, STARE2, and FAST bursts are all consistent
with 333 pc ecm™3. The maximum estimated Galactic DM contribution from NE2001
is 540 pc cm™3. A search for a PRS using the EVN was performed on June 6th 2020
with no radio emission detected above the threshold of 95 pJy (Nimmo et al., 2020).

Margalit et al. (2020) show that the coincident radio and X-ray bursts of
SGR 1935+2154 are consistent with predictions from the synchrotron maser shock
model within a supernova remnant(§1.6.1). This claim is reinforced by the fact that
SGR 1935+2154 lies within a Galactic supernova remnant (Gaensler, 2014). The
STARE2 burst energy is a factor of ~ 103 greater than any Galactic radio burst de-
tected, and a factor of 40 less than the lowest-energy FRB detected, placing it outside
the general energy limits of both FRBs and pulsars/magnetars. Whether the bursts
from SGR 1935+2154 are FRBs, or a phenomenon that bridges the gap between mag-
netar radio bursts and FRBs remains to be seen.
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1.6 Progenitor Theories

In the early days of the FRB field, the number of progenitor theories grew faster than
the number of new FRB detections. It was not until 2019 that the number of published
FRBs surpassed the number of theories. As more observational information on FRBs
has been gathered over the years, more FRB theories have been excluded. Comparing
the progenitor modelling to the early days of the GRB field, Kulkarni (2018) writes:
“The modus operandi was astonishingly familiar: suggest all possible collisions between
comets, asteroids, brown dwarfs, white dwarfs, neutron stars, and black holes, invoke
improbable scenarios, and failing all these possibilities invoke string theory.”

An FRB model needs to take into account the various FRB properties, such as
duration, polarisation, time-frequency structure, emission frequency, energetics, and
event rate. On top of that the models should specify whether they explain repeating or
non-repeating FRBs, or both. Neutron stars (NSs) and other compact objects are the
most straightforward candidate as FRB sources due to the small burst emission region
(Eq. 1.12) and their capabilities of producing the required FRB energies.

The FRB field has gravitated towards one paradigm: highly magnetized NSs (mag-
netars) within supernova remnants (SNRs). Active galactic nuclei (AGNs), possi-
bly interacting with NSs, are still considered as a possibility for the isolated case of
FRB121102. The discussion here will be focused on these two paradigms, with a brief
mention of a few other models. An interested reader is encouraged to browse the FRB
theory catalog® (Platts et al., 2019) for a summary and references of published models.

1.6.1 Magnetars in Supernova Remnants

Within this framework the emphasis has been on trying to explain the repetition and
high RM of FRB121102, as well as the coincident PRS. A clear requirement for this
model is a supernova (SN) which leaves behind a NS.

Piro (2016) discusses the impact of an SNR on FRBs generated within, without an
assumption on how FRBs are generated. The SNR goes through two main stages of
expansion: an ejecta dominated stage where the ejecta moves at the velocity set by the
SN, and the Sedov-Taylor stage when the ejecta slows down from interaction with the
surrounding medium. Considering only regions re-ionised by the reverse shock, both
the DM and RM are expected to change with Ar = rpy — r,., where 7}, is the blastwave
radius and 7, is the reverse shock radius. Observationally, the most important way
in which the SNR can impact an FRB is through free-free absorption, where at early
times following the SN, the SNR is optically thick at radio frequencies. Piro (2016)
finds that free-free absorption dominates the SNR on a timescale of ~ 100 — 500 years
at radio frequencies, assuming the SNR is mainly ionized by the reverse shock. By
assuming that the SNR is also photoionized from within by the rotationally powered
magnetar nebula, the SNR becomes optically thin after a timescale of ~ years at radio
frequencies (Metzger et al., 2017).

5:frbt:heorycat .org
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The host galaxy of FRB121102 shares similarities with those of long-duration
gamma-ray bursts (LGRBs) and type-I hydrogen-poor superluminous supernovae
(SLSNe-I), i.e. low mass and low metallicity. SLSNe-I are a subclass of supernovae
which are hydrogen poor and orders of magnitude more luminous than type-I SN. The
additional luminosity is powered by a remnant magnetar (Greiner et al., 2015). Metzger
et al. (2017) propose that repeating FRBs originate from young magnetars embedded
within a young SNR, thus linking them to SLSNe-I/LGRBs.

Two main avenues exist for the generation of FRBs from within an SNR: pulsar-like
emission in the magnetar magnetosphere (Kumar et al., 2017; Yang & Zhang, 2018),
and a synchrotron maser mechanism from relativistic shocks in the magnetar circum-
stellar medium (Lyubarsky, 2014; Beloborodov, 2017). Here the focus is on the maser
mechanism, but avid pulsar emission enthusiasts are encouraged to read Cordes &
Wasserman (2016), where they model extragalactic FRBs from super-giant pulses from
the Crab pulsar.

Another example of the relativistic shock model, which is considered in the work
done in Chapter 5, is from Metzger et al. (2019). They propose a model where FRBs
originate from a flaring magnetar within an SNR. The magnetar releases an ultra-
relativistic shell which collides with a mildly relativistic magnetized ion-electron shell.
As the shell decelerates, forward shocks produce coherent radio emission through a
synchrotron maser mechanism. Within this scenario, the magnetar wind nebula is
responsible for the large and evolving RM, as well as the PRS. A ~ 10 ms timescale
gamma-ray afterglow is expected to follow the radio burst. Unfortunately, the afterglow

luminosity is below the detection threshold of current telescopes for a source at the
distance of FRB121102.

1.6.2 Active Galactic Nuclei

The “cosmic comb” is one of the main FRB models involving an AGN and an NS.
Zhang (2017) propose that a canonical pulsar, which is undetectable at cosmological
distances, can produce FRBs if its magnetosphere is “combed” by a nearby, strong
plasma stream. AGNs are not the sole possible companion within this model. Any
object that can produce plasma streams is viable (e.g. GRBs, SNe, and stellar flares),
as long as the ram pressure of the plasma stream exceeds the magnetic pressure of
the pulsar magnetosphere. Zhang (2018b) build upon this to explain the observational
data from FRB121102. They use variable outflows of a low-luminosity, accreting super-
massive black hole “combing” the magnetosphere of a nearby pulsar to explain various
FRB121102 properties such as RM and its variation, polarization, repetition, and burst
structures.

Romero et al. (2016) provide a solution requiring only an AGN. In that model, an
FRB is the result of the interaction between relativistic jets and plasma condensations
(clouds). The jets induce turbulence in the clouds which in turn scatter electrons
and produce radiation. The emission becomes coherent in the presence of density
inhomogeneities in the jet, giving rise to observable FRBs at cosmological distances.

An AGN model was initially thought unlikely, as AGNs rarely reside within dwarf
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galaxies, like the host galaxy of FRB121102. There was also no evidence of an AGN in
the FRB121102 host optical spectrum (Tendulkar et al., 2017). More recently it was
shown that AGNs can often be found offset from the optical centre of dwarf galax-
ies (Reines et al., 2020). Also, there are similarities in RM the evolution between
FRB121102 and the Galactic centre magnetar, J1745-2900 (Desvignes et al., 2018). As
a general FRB progenitor model, AGN models are disfavoured based on localisations of
four FRBs with the Australian Square Kilometer Array Pathfinder (ASKAP) telescope,
as they were localised to the outskirts of massive galaxies (Bhandari et al., 2020).

1.6.3 Periodicity

The apparent periodicity of FRB121102 and FRB180916.J01584-65 has naturally
spurred an insurgence in models attempting to explain this. Here I will briefly in-
troduce two of those models.

Ioka & Zhang (2020) make use of the “cosmic comb” model involving an interacting
NS binary system to model periodic FRBs. The FRB producing NS is a highly magne-
tized pulsar, and the binary companion is a massive star or a millisecond pulsar. The
FRB production arises from the magnetic field of the FRB pulsar as it is “combed”
by the strong wind of the companion. The wind of the FRB pulsar creates a funnel
in the wind of its companion, and observable FRBs are emitted from the funnel. The
periodicity is explained by orbital period of the binary system, and the active bursting
period represents the time window when the funnel is directed towards an observer.

Levin et al. (2020) model periodic FRBs with a precessing flaring magnetar, where
the precession arises from the magnetar being deformed. The strong magnetic field of
the magnetar is required for both the energy budget of FRBs and in order to deform
the magnetar. The periodicity is tied to the precession period, and the active bursting
phase arises when the flares of the precessing magnetar are directed towards an observer.
This model can be tested with observations, as damping of the precession leads to an
increase in the precession period over time.

1.6.4 Cataclysmic and Exotic Models

The fact that some FRBs repeat does not necessarily exclude all models involving
cataclysmic events, as the FRB population might not all originate from the same type of
events. Following is a brief introduction to a few popular picks from the vast collection
of published models.

Falcke & Rezzolla (2014) provided one of the most popular cataclysmic FRB the-
ories, involving objects that they call “blitzars”. According to them, a “blitzar” is a
supramassive neutron star with mass above the critical mass for non-rotating neturon
stars, and is supported from collapse by its rapid rotation. As its spin slows due to
magnetic braking, the neutron star will suddenly collapse to a black hole on the order
of ~ 103 — 10° years after its birth once the angular momentum no longer supports it.
During the collapse the magnetic field lines snap violently, resulting in an FRB. Most
et al. (2018) performed simulations of the gravitational collapse of rotating, magnetized
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NSs. Based on their simulations they found that the blitzar scenario is consistent with
observed FRB luminosities. The blitzar scenario could therefore still be plausible for
non-repeating FRBs.

Many works attempt to model FRBs from binary neutron star mergers (e.g. Totani,
2013; Wang et al., 2016; Yamasaki et al., 2018; Margalit et al., 2019). To name one,
Yamasaki et al. (2018) explain both repeating and non-repeating FRBs from binary
neutron star mergers. The event of the merger would result in a single FRB. A frac-
tion of the mergers can leave behind a rapidly rotating and stable NS. This remnant
NS would then be capable of producing fainter, repeating bursts. The circumstellar
environment of the remnant NS is optically thick at radio frequencies following the
merger. Repeating bursts would therefore become observable once the environment is
optically thin at radio frequencies, which is a timescale of 1-10 years after the merger.
If a gravitational wave from a binary NS merger is detected, it can be followed up on
this timescale to search for repeating FRBs.

Some more exotic models include exploding black holes (Barrau et al., 2014), super-
conducting cosmic strings (Yu et al., 2014), and even technomarkers from extragalactic
civilizations, where FRBs are the result of powering light sails (Lingam & Loeb, 2017).

1.7 FRB Follow-up Across the Electromagnetic Spectrum

A myriad of FRB observations in other parts of the EM spectrum have been performed,
both in tandem with radio observations and as follow-up observations. These observa-
tions are mainly done in optical, X-ray, and gamma-ray parts of the EM spectrum, in
order to search for FRB counterparts. Possible counterparts can be precursors, prompt
(contemporaneous), delayed (akin to GRB afterglow), or persistent (long-lived, similar
to the PRS of FRB121102). Although no non-radio FRB counterparts have been found,
the non-detections can provide upper limits and thus add some constraints to the FRB
models. Repeating FRBs have a clear advantage in this area, as radio and other EM
spectrum observations can be carried out in tandem during bursting activity, while
“one-off” bursts can only be followed up as early as hours—days following the burst.
Following is a brief discussion on general counterpart follow-up strategies, as well as a
discussion on FRB121102 follow-up.

1.7.1 General FRB Follow-up Strategies

There are three general ways which one can do FRB follow-up observations, all of which
are applicable to both general FRB searches and observations of repeating FRBs. First
is to trigger other telescopes once a burst is detected. Preferably the burst should
be detected in real-time so that the trigger can be sent posthaste. This method is
suitable for finding delayed counterparts due to the possible long delays between the
burst detection and follow-up and is usually performed with optical and high-energy
telescopes. Second is to look through archival data of telescopes to see if the location of
an FRB was being observed by chance at the time of its occurrence. This is a common
procedure for the space-based y-ray telescopes. Third is to simply observe with other
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telescopes simultaneously to the radio observations. This is called s and is common
when observing known repeating FRBs. An example of each follow-up type is listed
below.

The real-time detection of FRB140514 (Petroff et al., 2015b) with the Parkes ra-
dio telescope was the first real-time FRB detection made, providing an unprecedented
opportunity to perform rapid follow-up observations. Radio follow-up at other tele-
scopes started seven hours following the burst using the Australia Telescope Compact
Array (ATCA) for three hours. Further radio follow-up observation were performed
2-70 days following the burst using Parkes, Effelberg, and the Giant Metrewave Radio
Telescope (GMRT). 8.5 hours following the burst, the Swift X-ray Telescope (XRT)
observed the FRB140514 field for roughly an hour and 15 hours later for another half
hour. The Gamma-Ray Burst Optical/Near-Infrared Detector (GROND) followed-up
16 hours and 2.6 days after the burst, with roughly 10 minutes of exposure at each
epoch. Optical follow-up was made 16 hours-55 days following the burst using the
Swope telescope, the intermediate Palomar Transient Factory (iPTF), the Magellan
telescope, they SkyMapper telescope, and the Nordic Optical Telescope (NOT). The
extensive follow-up on FRB140514 unfortunately revealed no associated counterpart at
any of the observing wavelengths. The non-detection of a counterpart was used to rule
out association between this FRB and a nearby SN or a long GRB.

Cunningham et al. (2019) search for high-energy counterparts (X-ray—gamma-ray)
of 23 FRBs with the Fermi Gamma-ray Burst Monitor (GBM), Fermi Large Area
Telescope (LAT), and the Swift Burst Alert Telescope (BAT). Data from any one of
the telescopes were available for only 14 of the FRBs. Cunningham et al. (2019) used
the high-energy fluence threshold to place upper limits on the high-energy emission of
FRBs (< 0.3 x 107% erg cm™2 for a timescale of 0.1 s). They also placed limits of the

ratio of radio to gamma-ray fluence of > 10° Jy ms erg™! cm?.

Sokolowski et al. (2018) used the Murchison Widefield Array (MWA) in a campaign
to shadow ASKAP. The MWA observes at frequencies between 170 and 200 MHz, while
ASKAP observed between 1150-1490 MHz. The aim of the shadowing campaign was
to detect FRBs at lower radio frequencies and to investigat the the FRB frequency
spectrum. Seven FRBs were detected at ASKAP with simultaneous MWA data. No
emission was detected in the MWA band, and the non-detection with the MWA suggests

a spectral turnover, i.e. a sharp change in the spectral index, at frequencies above
200 MHZ.

1.7.2 FRB121102 Follow-up

FRB121102 is by far the most studied FRB and has been observed with telescopes all
around the world at wavelengths spanning the entire EM spectrum. Aside from its
associated PRS, no other counterpart at any wavelength has been detected. There is
certainly no dearth of FRB121102 follow-up work in the literature, but it would be
quixotic to list them all here. Instead a selected few multi-telescope campaigns and
their results are listed in Table 1.1.
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Table 1.1: Follow-up surveys of FRB121102 across the electromagnetic spectrum. From
left to right: Survey reference, telescopes used, part of the electromagnetic spectrum
observed, duration of non-radio observations in tandem with radio observations, and
number of bursts from FRB121102 detected during the radio observations or the survey
upper limits. Abbreviations used are the 305-m William E. Gordon Telescope at the
Arecibo Observatory (AO), Effelsberg 100-m radio telescope (EFF), the Roberg C. Byrd
Green Bank Telescope (GBT), the Karl G. Jansky Very Large Array (VLA), the Swift
X-ray telescope (XRT), the X-ray Multi-Mirror Mission (XMM) Newton observatory,
the Fermi Gamma-ray burst monitor (GBM), and the low-frequency array (LOFAR).

Survey ref. Telescopes EM spectrum  Obs. dur. No. FRBs/Upper limits
AO, EFF,

GBT Radio 12
" XMM Newton, < 30 ks 3 x 1071 erg cm ™2
Chandra ay 40 ks on 0.5-10 keV fluence
' 4 x 1079 erg cm 2
Fermi GBM -ray on 10-100 keV fluence
EFF Radio 13
2) ) 0.33 mJy
ULTRASPEC Optical 19.6 hrs at 767 nm
AO Radio Unpublished
5.2 x 10712 em™2 7! TeV~!
(3) VERITAS 108 L at 0.2 TeV
-ray O 40%x 1071 em 2 57! Tev !
at 0.15 TeV
AO Radio 5
~1072 cm2 57!
persistent flux
~-Tay _ _o _
(4) ~ 1077 ecm 257!
MAGIC 22 hrs ms timescale
) 8.6 mJy
Optical U-band, 1 ms timescale
EFF Radio 9
(5) Radio
LOFAR (low freq.) 19 hrs 0 FRBs

(1) Scholz et al. (2017), (2) Hardy et al. (2017), (3) Bird & VERITAS Collaboration (2017),
(4) MAGIC Collaboration et al. (2018), (5) Houben et al. (2019)



28 Chapter 1. Introduction

1.8 FRBs as Astrophysical Tools

Solving the mystery of how FRBs are created can help deepening the understanding of
coherent emission. FRBs can however also be useful without the knowledge of how they
are formed, as they can be used as tools for astrophysics. Currently their usefulness
is limited, as applications are heavily reliant on the number of FRBs (usually within a
certain redshift range), localisation precision and number of localisations, and redshift
range of the FRB population. These conditions can feasibly be met in the near future
with the current and upcoming observing instruments. Following is a discussion on
how FRBs can help answer some of the open problems in modern astrophysics.

FRBs can be used to solve the “missing baryon” problem, where only half of the
cosmic baryons in the local universe can be accounted for. The missing baryons reside
at densities and temperatures that are difficult to detect through absorption or emis-
sion, so their constraints are weak. McQuinn (2014) show that the DM measurement
distribution is sensitive to intervening galactic halos. With ~ 100 DM measurements at
redshifts z 2 0.5, localised within an arcminute, constraints can be placed on baryonic
mass profiles surrounding different galaxy types. Macquart et al. (2020) managed to
find the “missing baryons” with a sample of five FRBs with arcsecond localisation. By
investigating the DM-redshift relation of their FRB sample they find that the missing
baryons are present in the ionised IGM, and they derive a cosmic baryon density of
Qp = 0.051f8:8§éh;01 with 95% confidence, where hrg is the dimensionless Hubble’s
constant, hrg = Ho/(70 km s~! Mpc™1).

Zhou et al. (2014) postulate that FRBs can be used as cosmological probes, adding
constraints to the dark energy equation of state. Given enough FRBs along different
sightlines within a narrow redshift bin (e.g. Az ~ 0.05), the mean dispersion measure
will not suffer from the inhomogeneities of the IGM. With tens of FRBs in each redshift
bin, reaching out to redshifts of > 3, FRBs can help constrain the dark energy equation
of state through the IGM DM-redshift relation.

By using DM as a proxy for distance, Masui & Sigurdson (2015) propose that
FRBs can be used to study the three-dimensional clustering of matter in the universe
without the need for redshift information. The FRBs would therefore not need to
be localised, and a clustering signal could be measured with ~ 103 FRBs. However,
stochasticity in the IGM DM and DM local to the bursting source could increase this
number drastically.

FRBs can be used to constrain the mass of photons. The speed of light in vacuum is
frequency dependent if photons have a non-zero rest mass. This frequency dependence
will be indistinguishable from plasma dispersion, but their contributions vary with
redshift. An assumption of how much the IGM contributes to the dispersion delay
is required. Bonetti et al. (2017) use the localisation of FRB121102 to constrain the
photon mass upper limit to < 3.9 x 1079 kg.

With measured RMs and DMs, an average magnetic field along the line of sight can
be obtained. Vazza et al. (2018) show that for ~ 10> — 103 RMs and DMs, FRBs can be
used to discriminate between scenarios for the origin of cosmic magnetic fields as RM
and DM are are affected differently between scenarios. This method is independent of
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the distance distribution, so no localisations are required.

The time delay of strongly gravitationally lensed FRBs can be measured to high
precision due to the short duration of FRBs. Strongly lensed FRBs can thus be
used for various cosmological purposes. Li et al. (2018) show that by observing 10
strongly lensed FRBs by intervening galaxies using the upcoming Square Kilometer
Array (SKA), the Hubble constant can be constrained within a 0.91% uncertainty,
assuming a flat ACDM Universe. As the SKA is not yet operational, an optimistic
time-frame to achieve this is within 30 years. Liu et al. (2019) show that time delay
measurements of strongly lensed FRBs can constrain the dark energy equation of state.
By adding 30 such time delays to the cosmic microwave background radiation and tyep
Ia supernovae constraints, Liu et al. (2019) show that the the dark energy equation of
state constraints can be improved by a factor of two.

1.9 Thesis Outline

This thesis focuses on FRB searches with the Effelsberg 100-m radio telescope and is
arranged as follows:

e Chapter 2 describes how an astrophysical signal is received by a telescope and
how the resulting data are reduced and searched for FRBs. Also described are
the search software and search pipelines used in later chapters.

e Chapter 3 introduces phased array feed receivers, their use cases on single-dish
telescopes, and the commissioning of such a receiver at Effelsberg. The results
from the commissioning observations are interpreted. Potential observing targets
and improvements for future observations are also discussed.

e Chapter 4 describes observations of superluminous supernovae and long gamma-
ray bursts in search of FRB121102-like sources with Effelsberg. The burst rate of
FRB121102 is scaled to each of the observed targets and compared to the upper
rate limits obtained from the non-detections of the observations. Also discussed
are the effects of a potential beaming fraction and a bursting source following a
Weibull distribution.

e Chapter 5 introduces sixteen FRB121102 burst RMs from observations with the
Arecibo Observatory 305-m Willam E. Gordon radio telescope, Effelsberg, and
the Karl G. Jansky Very Large Array. The RMs of FRB121102 show a signif-
icant decrease over year-timescales and less intense, erratic variations on week-
timescales. The long-term RM trend is compared to models of RM evolution
from a magnetar within a supernova remnant and the Galactic center magnetar,

PSR J1745-2900.

e Chapter 6 summarises the results of the previous chapters, and discusses future
prospects for FRB searches with Effelsberg and in general.






CHAPTER 2

Data Acquisition and Searching

Detecting a burst from an FRB is certainly not a trivial task. From a technical stand-
point, telescopes with large collecting areas, sophisticated hardware, and dedicated
software are required. Building and designing these also comes at a high cost.

The typical radio telescope is a parabolic or spherical reflector, ranging from ~10
to 500 meters in diameter. To the uninformed, these large sizes might seem excessive,
but they do serve an important purpose. Telecopes can operate as a single unit or in
tandem to form an interferometric array.

This chapter will describe how an EM wave from a cosmological FRB is collected by
a single-dish telescope, converted to data, subsequently searched using specific software,
and finally seen by an astronomer as a figure on a computer monitor, who exclaims:
“Aha! That’s a burst!”

2.1 Instrumentation

There is more to radio telescopes than the eye can see. While the monumental dishes
are impressive, the inner workings are (to some) just as impressive. The purpose of
a dish is to collect incoming radiation and focus it to the feed of a receiver. Once at
the receiver, an EM wave goes through the inner workings of a telescope, the frontend
and the backend, where it is converted and formatted to data in such a way that
astronomers can inspect it with dedicated software.

The following sections describe the impact of a telescope’s dish on sensitivity and
field of view, the purpose of the frontend and backend, and how a signal is prepared as
searchable data.

2.1.1 Sensitivity and Field of View

The sensitivity of a telescope is directly related to its diameter. A higher sensitivity
means a lower minimum detectable flux density threshold. The sensitivity, or gain, of
a telescope can be calculated as (Wilson et al., 2013)
nD?
G=1n-— KJy* 2.1

Mo gy XY (2.1)
where 7, is the aperture efficiency, D is the diameter of the telescope’s collecting area,
and kp is the Boltzmann constant. The aperture efficiency is the ratio of the area of
the telescope that reflects radiation to the feed of a receiver and the geometric area of
the telescope.
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The sensitivity can also be quantified with the system equivalent flux density

(SEFD),

Tsys

SEFD = =%* Jy, (2.2)

where Tyys is the system temperature (in Kelvin), which is the combined added noise
to the system from all noise-generating sources, such as the sky, losses in the feed, and
electronics.

The minimum detectable flux density of a single burst can be calculated using the
radiometer equation (Lorimer & Kramer, 2012),

SEFD (S/N)min
VW fBw

where [ is a signal digitisation degredation constant (2 1), S/N

Smin = B JYa (23)

min 18 the minimum
signal-to-noise with which a detection can be made, n, is the number of polarisations
summed (generally two), W is the width of a burst, and fgw is the bandwidth of
the receiver. With a detected width and S/N of a burst, as well as knowledge of the
observing system, Eq. 2.3 can be used to calculate the measured flux density of a burst.
The gain and system temperature varies between receiver systems on telescopes and
are usually listed in the receiver documentation of a telescope!. One can then look up
those values to use in Eq. 2.3. For pulsars, eq. 2.3 includes a factor of the pulsar’s duty
cycle, and W is the integration time.

Like sensitivity, the field of view (FOV) of a telescope is related to the size of the
telescope, but inversely. The FOV is also dependent on the receiver used. The FOV of
a receiver is called a beam, and its angular power response is described with a Bessel
function (Wilson et al., 2013). The main peak is called the main beam or lobe, while
the others are called sidelobes. A cross-section representation of a beam pattern is
shown in Fig. 2.1. The FOV is estimated from the half power beam width (HPBW) of
the main beam, which is the width of the beam at half its maximum level, calculated
as

HPBW = g% rad, (2.4)

where € > 1 depends on the maximum aperture efficiency?, and X is the observing
wavelength. The FOV is the solid angle covered by the HPBW in steradians, or

Q o HPBW? sr
~ 3.3 x 10> HPBW? deg? (2.5)
~ 1.2 x 10" HPBW? arcmin®.
For single pulse observations (e.g. FRBs) the sensitivity of an observation can be

increased by increasing the size of the collecting area or the observing bandwidth, or
by using a more sensitive receiver. For pulsar observations the sensitivity can also be

'E.g. for Effelsberg:
eff100mwiki .mpifr-bonn.mpg.de/doku.php?id=information_for_astronomers:rx_list
2For aperture efficiency of 1, £ = 1.02


eff100mwiki.mpifr-bonn.mpg.de/doku.php?id=information_for_astronomers:rx_list
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Figure 2.1: A cross-section representation of a beam pattern. Shown are the main
beam and the first sidelobes at an arbitrary angular offset from the beam center. The
dashed line shows the half power beam width (HPBW).

increased with longer integration times. Increasing the collecting area of already-built
telescopes can be difficult to achieve. Therefore, using more sensitive receivers or in-
creasing the observing bandwidth are more desirable ways to increase the sensitivity of
observations. Receivers with only a single beam (i.e. one feed) are called single-pixel
receivers, and generally have wider bandwidths than multi-beam receivers. On large,
sensitive telescopes, single-pixel receivers are well suited for a targeted search (e.g.
Chapter 4) or observations of localised radio sources (e.g. FRB121102, Chapter 5).
Multi-beam receivers have multiple feeds and can form multiple beams on the sky, re-
sulting in a larger FOV. This type of receiver is better suited than single-pixel receivers
to perform surveys of large portions of the sky whilst utilising the high sensitivity of
large telescopes. Multi-beam receivers are also useful for targeted searches due to their
capability of using their beams to distinguish real astrophysical signals from RFI. A
more recent type of multi-beam receivers are phased array feeds (PAFs) that do not
have typical feeds, but rather multiple receiver elements, enabling highly customisable
beams. PAFs on single dish telescopes will be discussed in Chapter 3.

2.1.2 Frontend

The frontend, or receiver, handles an incoming radio signal and converts it to analog
voltage data. The receiver is located at either the primary or secondary focus of a
telescope. An EM wave collected by a telescope enters the receiver at a feed, where
the EM wave is converted to voltages. The feed allows certain frequencies of EM
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waves to be converted based on the specifications of the receiver. Signals are typically
sampled by two receptors, sampling two orthogonal polarisation states, either dual
linear or dual circular. The signal is then amplified by a low-noise amplifier (LNA),
which is cryogenically cooled in order to refrain from adding thermal noise to the signal.
Following the LNA amplification, it is common for the signal to go through a filter that
censors frequencies within the frequency band that are known to contain persistent
RFI. Finally, the signal is converted to lower frequencies through heterodyning with a
lower frequency signal from a local oscillator. Heterodyning mixes signals in a so-called
mixer, creating signals at frequencies at the sum and difference of the incident signal
frequency and the local oscillator frequency. The mixer shifts the original signal into
a frequency band appropriate for the backend, which is usually at lower frequencies.
The conversion to lower frequency reduces signal losses during transmission from the
frontend to the backend and reduces technical requirements when the signal is sampled
in the backend.

2.1.3 Backend

The backend serves to digitise the signal and formats it into a data format usable by
search software. Once the signal arrives at the backend from the frontend, it is digitised
using an analog-to-digital converter (ADC), and Nyquist sampled. Nyquist sampling
converts a continuous signal into a discrete sequence in time with a sampling frequency
twice the highest frequency of the signal. This sampling frequency is the minimum
required frequency to reconstruct the original signal. The sampled data then goes
through a spectrometer, which produces spectra by fast Fourier transforming (FFT)
discrete blocks of data. To create N number of frequency channels, a 2N-point FFT
is required. A complex-to-complex FFT can also be used, where two streams that are
90° out of phase are sampled in parallel, resulting in N channels from an N-point FFT.
This channelisation process is called filterbanking. Spectral leakage occurs during the
FFT, where strong signals in the Fourier power spectrum can leak to adjacent Fourier
bins. In order to decrease this effect, overlapping blocks of data are weighted with a
sinc function (sin(nz)/(mz)) before the FFT in a process called polyphase filtering. A
spectrometer utilising these techniques is called a polyphase filterbank.

As an example, let us use the main instrumentation used in Chapters 4 and 5, i.e.
the S45mm (or CX) receiver. The frequency range of the receiver is 4-8 GHz, split into
two separate sub-bands. Each sub-band is thus treated as a single 2 GHz wide band.
The final data product from each sub-band consists of 1024 frequency channels, with
a time resolution of 131 us. The frontend lowers the frequency of each sub-band to
be 0-2 GHz, resulting in a Nyquist sampling frequency of 4 GHz. The data resolution
from the polyphase filterbank is therefore 2048/4 x 10° = 0.512 ps. This is a much
higher sampling rate than required to detect FRBs, and storing data with such a fine
sampling time would require an inordinate amount of disk space. Therefore, spectra
from the polyphase filterbank are integrated to obtain larger sampling rates, which in
this case is 256 spectra to obtain the final time resolution of 131 us.

For searching purposes, polarisation information is not always recorded. In that
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case, the output from each polarisation channel is summed in quadrature, resulting in
total intensity data. Polarisation of data is discussed in §2.1.5.

2.1.4 Baseband

After the Nyquist sampling stage in the backend, the data can be written to disk as
baseband data. Baseband data is therefore just sampled voltage data and allows one
to exchange time resolution for frequency resolution, and vice versa, as the data do not
go through the backend spectrometer. Baseband data contains the phase information
(complex values) from the orthogonal receptors and can be dedispersed and Faraday
de-rotated to high precision. Baseband data can also reveal minute details in burst
structures through its high time-resolution. This flexibility comes at a price though, as
baseband data require extreme amounts of disk space to be stored.

To avoid storing excessive amounts of baseband data, real-time searches can be
performed where baseband data around the time of arrival of a burst is stored. This
method requires a ring buffer in which baseband data is continuously written and
usually stores only the previous ~tens of seconds of data. The incoming data is searched
in real-time, and if the search algorithm finds a burst it will trigger the ring buffer data
to be stored on disk in a process called baseband dumping. Alongside this method,
standard filterbank data is also written to disk and can be searched offline for bursts
missed by the real-time search.

2.1.5 Polarimetry

Polarisation information is obtained through the two frontend receptors that sample
two orthogonal polarisation states. The receptors and their resulting signal path are
often referred to as polarisation channels. In a Cartesian reference frame, the receptors
lie on the x — y plane, while an incident EM wave arrives at the receiver along the z-
axis, resulting in the EM wave electric field oscillating in the x — y plane. The electric
field traces out an ellipse on the plane of the receptors, described by the polarisation
state angle, y, and the polarisation position angle (PPA), . The polarisation ellipse
is shown in Fig. 2.2. The Stokes parameters are used to describe linear and circular
polarisation, and their intensities, and can be written in terms of the polarisation ellipse
and its amplitude in the z and y directions (£, and E,) as (Wilson et al., 2013)

I=E.+E]

Q@ = Ipcos(2x) cos(2v))
U = Ipcos(2yx)sin(2y)
V = Ipsin(2y),

(2.6)

where [ is the total intensity, Q and U describe linear polarisation, V describes circular
polarisation, and p is the polarisation fraction, calculated as

VO UZHVE (2.7)

I
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Figure 2.2: Polarisation ellipse. The incoming EM wave travels in the positive z direc-
tion, and its electric field traces out a an ellipse in the z — y plane. The angles y and ¥
are the polarisation state and polarisation position angles, respectively. F, and E, are
the ellipse amplitudes in the  and y directions. The figure is adapted from Thompson
et al. (2017).

Specific values of x reduce the polarisation ellipse to either a straight line or a circle,
resulting in fully linear or circular polarisation states. For y = 0, Stokes V is zero, and
the polarisation state is fully linear. For x = £+ /4, Stokes Q and U become zero, and
the polarisation is fully circular. The PPA is the position angle of the plane of linear
polarisation and can be calculated from Stokes Q and U as (Thompson et al., 2017)

Y= %arctan <g> . (2.8)

The two polarisation channels are Nyquist sampled and thus still retain phase infor-
mation (i.e. complex values), and the Stokes parameters can be calculated before the
data is channelised in the spectrometer. The Stokes parameters can be constructed for
a dual-linear feed with polarisation channels P, and P, as (Lorimer & Kramer, 2012):

I=|Pof” + | Py
Q= |Px’2 - ‘Py|2
U =2Re(P;Py)
V =2Im(P}P,),

(2.9)

where * denotes the complex conjugate. For a dual-circular feed with a left-hand
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channel P;, and a right-hand channel Pg, the Stokes parameters are calculated as:

I=|PL” +|Pgl?
Q = 2Re(P[PR)
U = 2Tm(P; Pr)
V= |Pg|* — |PL.

(2.10)

The polarisation information, i.e. the Stokes parameters, of the resultant data can
differ from the actual polarisation information of an incident wave due to instrumental
effects. These effects can arise from varying orientations between the receiver and
source throughout an observation, power leakage between feeds, and phase differences
between polarisation channels due to differences in gain or cable length. Polarisation
data thus needs to be calibrated to recover the original Stokes parameters. The most
common method is to perform noise diode observations at either the start or end of
FRB observations. The noise diode is 100% linearly polarised and equally bright in both
feeds and therefore has well defined Stokes parameters. The difference in polarisation
of the noise diode data from the two polarisation channels can then be used to calibrate
the FRB polarisation data using dedicated software. This method works for both linear
and circuar feeds.

2.2 Radio Frequency Interference

The bane of radio astronomers is most certainly radio frequency interference (RFI).
RFI manifests itself as statistical outliers in data, in which noise is typically Gaussian.
The manifestation is typically very narrow-banded (tens of MHz) and of short duration
increase in data intensity. Numerous other types of RFI exist, e.g. variations of narrow-
bandedness, periodic, sinusoidal, or completely sporadic. The RFI environment differs
between telescopes and observing frequencies. RF1 is detrimental to FRB searches, as
it can both mask actual bursts within data, leaving the bursts undetectable by search
algorithms, or appear as bursts in data time series, resulting in false positives when
searching for bursts.

Electronic and communication devices are the main source of RFI. While most RFI
generating sources are extrinsic to the site of telescopes, sources local to telescopes
and even telescope components can produce RFI. The mobile communication bands
around 800 MHz and 1800 MHz and the aircraft radar band around 1000 MHz are farily
common perpetrators regarding RFT in radio astronomy data around those frequencies.
Different observing freqeuncy bands have their own RFI environment where persistent
RFT needs to be identified on a band-by-band basis. Luckily, some small parts of the
radio spectrum are protected, meaning that specific frequencies are only meant for radio
observations. Of the protected bands, the most notable one is for the hydrogen line at
1420 MHz (21 c¢m), where a few tens of MHz around that frequency are protected for
radio observations.

The omnipresence of RFI has forced radio astronomers to develop methods of ex-
cising RFI. The RFI situation can vary between receivers of a single telescope, and for
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most receivers there are always certain “bad channels” in the data. These bad channels
are usually known due to experience of using a certain receiver and can be “zapped”
during processing (i.e. ignored by search algorithms). The most standard way of ex-
cising RFI is to create an RFI mask, where data is searched for statistical outliers in
either frequency or time that get written to the mask. Search algorithms then use the
RFI mask to zap these outliers. For arrays of telescopes or multi-beam receivers, RFI
can be excised with coincidencing, where if a burst candidate is seen in too many beams
to be considered astrophysical, it gets flagged as RFI.

2.3 Dedispersion

The propagation effect of dispersion is contained within a signal arriving at a telescope.
The dispersion effect must be accounted for, as searching for bursts without doing so is
an exercise in futility, because bursts would not be aligned in time across the observing
frequencies.

Undoing the effect of dispersion is called dedispersing and can be done by either co-
herent or incoherent dedispersion. Both methods will be introduced, but all subsequent
discussion will be focused on incoherent dedispersion, unless otherwise stated.

2.3.1 Incoherent Dedispersion

Channelised filterbank data can only be incoherently dedispersed. To incoherently
dedisperse data, one has to calculate the time delay in each frequency channel with
respect to a reference frequency, which is usually the top frequency of the observing
band, using Eq. 1.17 for a specific DM. Each data frequency channel contains the
intensity of each time sample, called channel time series. Each channel time series
needs to be shifted in time with respect to the time delay of its frequency and the
reference frequency. If dedispersed at the correct DM, a burst will align properly in
time in all channels. Dedispersing at the incorrect DM results in the burst becoming
broadened and weaker, and if the trial DM is too far from the correct one, the burst
will not be visible. Channel time series are rarely inspected when searching the data.
An averaged sum of the channel times series is more commonly used as it shows a burst
much more clearly. The dispersed and dedispersed dynamic spectra and time series of a
burst are shown in Fig. 2.3, where the same burst as shown in the left panel of Fig. 1.1
is used (DM=500 pc cm~3). The burst is also dedispersed at incorrect DMs to show
the broadening effect.

Data can also be dedispersed in sub-bands. Sub-banding data is to divide the
data into chunks of frequency channels. The dedispersion is then performed on each
sub-band by shifting all the frequency channel in the sub-band in time with respect
to the dispersion time delay at the top (or center) of the sub-band. The size of the
sub-bands must be chosen with respect to the time delay within a sub-band and the
time resolution of the data. If the sub-bands are too large, a burst can get smeared
out and might be missed by a search algorithm.
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Figure 2.3: A simulated burst with a DM of 500 pc cm ™3 dedispersed at different DMs
of 0 pc ecm™2 (upper left), 500 pc em ™3 (upper right), 400 pc cm™3 (lower left), and
600 pc cm™3 (lower right). Each panel shows the dedispersed time series (top) and
dynamic spectrum (bottom) at their respective DMs.
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2.3.2 Coherent Dedispersion

Nyquist-sampled voltage data can be coherently dedispersed. This method can fully
recover the original signal, as it does not suffer from the dispersion smearing effect of
channelised data (§2.3.3). By applying an FFT to the Nyquist-sampled voltages, a
Fourier series of complex voltages containing amplitudes and phases is obtained. To
correct for dispersion, each Fourier component phase is is de-rotated by an amount
corresponding to a specific DM. This is done by applying the inverse of the so-called
transfer function (Lorimer & Kramer, 2012),

21D f2
H(f.+ f) =exp <z(f+fbf)fo2DM> , (2.11)

where D is the dispersion constant (see Eq. 1.18), f. is the central frequency, and f goes
from — fpw/2 < f < +fpw/2 with fgw being the frequency bandwidth. The transfer
function only affects the phase of a Fourier component, while leaving its amplitude
unchanged, and its applicataion is equivalent to the time delay application of incoherent
dedispersion.

Coherent dedispersion is more computationally expensive than incoherent dedisper-
sion and is thus not applicable to every type of observation. When observing sources
with DMs previously obtained from incoherent dedispersion (e.g. known pulsars), co-
herent dedispersion can be applied in the backend, resulting in improved resolution
of the pulse profile. Baseband dumps from real-time FRB searching can be coher-
ently dedispersed, revealing the burst structure in tremendous detail (e.g. Farah et al.,
2018). Bassa et al. (2017a) have implemented a semi-coherent dedispersion method for
searching for pulsars and FRBs at low frequencies (~ 100 MHz), where bursts can be
missed due to smearing when using incoherent dedispersion. They perform multiple
coherent dedispersions in parallel at coarsely separated DM trials that are subsequently
incoherently dedispersed with finer DM steps.

2.3.3 Dispersion Smearing

The observed width of a detected burst, Wy, will be different to its intrinsic width,
Wint, due to both instrumental and propagation effects which cause a broadening effect.
The observed width can be written as the quadradic sum of the intrinsic width and the
broadening effects as

1/2
Wobs = (V‘/l%lt + tgamp + At]2:)M + At]%Merr + Ts2) / ’ (212)

where tgamp is the data sampling time, Atpy is the dispersion smearing, Atpuerr
is the smearing due to dedispersing at the incorrect DM, and 7, is the scattering
timescale (§1.2.4). The dispersion smearing factor is a time delay caused by intra-
channel smearing of a burst due to dispersion across the channel bandwidth, Af. This
factor can be approximated with Eq. 1.17 using the central observing frequency, f.,
and the channel bandwidth, under the assumption that Af < f,

Atpy =~ 8.3 x 10° DM <§gc> ms, (2.13)

C
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where the frequencies are in MHz. The smearing error arises from dedispersing at a DM
of DM away from the true DM, and this factor is written as (Cordes & McLaughlin,
2003)

0DM
AtDMerr = AtDM (DNI) ms. (2.14)

2.3.4 DM Step Size

When searching data for FRBs that have not been observed before, a series of DM
trials are required. FRBs have been detected with DMs up to ~2000 pc cm™3, so
searches need to cover a large DM range without being too computationally expensive.
A general range for a blind search usually covers DMs from 0 pc em ™ to a few thousand
pc cm ™3,

The number of DM trials, or DM steps, needs to be carefully thought out with
respect to computational effort and the loss of sensitivity due to smearing. For overly
large DM steps a burst which resides between steps will be broadened, thus reducing
the sensitivity, and might be missed by search algorithms. If the DM steps are too
small a burst will not look any different between neighbouring steps, and computing
power (and time) will be wasted. An ideal DM step is when Atpy = tsamp, as loss in
sensitivity and computing power will be minimal.

To find the size of the DM steps, let us first consider the minimum total smearing.
Considering only the broadening terms in Eq. 2.12, the total smearing is (Cordes &

McLaughlin, 2003)

1/2
At = (tzamp + A1€2DM + At]QZ)Merr + 7—52) / (215)
The minimum dispersion smearing is obtained by setting Atpyerr = 0, Atpm = tsamp,
and ignoring scattering for simplicity,

Atin = (2 2,,) " (2.16)

samp

The DM step is then obtained from Egs. 2.13-2.14 and setting Atpuyerr as a fraction
of the total smearing, eAt,

e At f3 3

where the optimal DM step is when At = Atpin.

2.3.5 DM Steps in Practice

In practice the choice of DM steps depends on the intended search range of DMs and
the parameters of the data: data sampling time (tsamp), central frequency of observing
band (f.), observing bandwidth (fgw), number of data channels (n¢pan), and channel
bandwidth (Af = faw/nchan). The choice of DM can vary within sub-ranges of
the total DM search range. The steps need to be calculated, and the final list of
0DM for each DM sub-range is called a dedispersion plan. While the data sampling
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Table 2.1: Dedispersion plan for Effelsberg 7-beam data for a DM search range of 0—
2100 pc cm™3. From left to right: Low and high DMs of each sub-range of the total DM
range, DM step size for each sub-range, and the data downsampling of each sub-range.

Low DM ( pc cm™) High DM ( pc cm™3) 6DM ( pc cm™3) Downsampling

0 95 0.1 1
95 163 0.2 2
163 346 0.5 4
346 686 1.0 8
686 1368 2.0 16

1368 2100 3.0 32

time is larger than the dispersion smearing per data channel, {DM is chosen so that
the smearing of the step size across the bandwidth is roughly equal to tsamp. As
per Eq. 2.13 the smearing rises with DM, meaning that for a large DM search range
the smearing will likely at some point exceed tsamp. When that occurs the data are
downsampled to accomodate for the large smearing. Downsampling of data is when
adjacent time samples are added together and averaged, and is usually performed by
adding powers of two samples together (i.e. 202! 22 ). The data sampling time
thus becomes tsamp X DS, where DS is the downsampling factor. Once the data have
been downsampled dDM needs to be adjusted accordingly in the same way as described
above. The process of downsampling and re-adjusting §DM then continues until the
end of the DM search range is reached, and a dedispersion plan is ready.

While creating a dedispersion plan it is common practice to use a set of pre-
determined dDM and to use a so-called fudge factor to soften the boundaries in order
to simplify the plan and reduce computation cost while only suffering minimal loss in
sensitivity. Let us take a look at a dedispersion plan for data taken with the 7-beam re-
ceiver at Effelsberg. The data have tsamp = 54.6 us, f. = 1360 MHz, fgw = 300 MHz,
Nehan = 912, and Af = 0.59 MHz, and the intended DM search range will be 0-
2100 pc cm™3. By following the process described above, the resulting dedispersion
plan is shown in Table 2.1. The dedispersion plan is also plotted in Fig. 2.4 to give a
visual feel to the smearing factors.

2.4 Single Pulse Searching

To find FRBs in filterbank data one needs to perform single pulse searching on the
dedispersed time series. The search is done by matched filtering, which convoles the
dedispersed time series with a signal of a known shape. Convolution can be compu-
tationally expensive so the known shape used is in most cases a boxcar filter. The
convolution can be implemented by computing a running sum for the data with a given
boxcar filter size and subtracting it from the data at plus/minus the filter width (Bars-
dell et al., 2012). Fig. 2.5 shows the convolution process results for time series with



2.4. Single Pulse Searching 43

10!
)
g 100 p
@)
==
o
5
@
o)
=
9)]
10-11 :?gﬁzoz —— Channel smearing |
o —— Total smearing
DS= —— Downsampled sample time
SDM=0.1 .
—— DM step smearing
0 250 500 750 1000 1250 1500 1750 2000

Dispersion measure (pc cm™)

Figure 2.4: Visualisation of the dedispersion plan in Table 2.1 as dispersion smearing
as a function of dispersion measure. Shown are the per-channel smearing (black), total
smearing (blue), the downsampled sample time per DM search sub-range (purple), and
the smearing across the bandwidth for each DM step (red). The downsampling factor
(DS) and the DM step size (dDM) are written at each of their respective lines.
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Figure 2.5: Convolution of time series with a boxcar filter. Left: Data time series as
standard deviation from the median value over time samples. Center: Boxcar filter
with a signal-to-noise maximising sample width. Right: Convolution of the previous
two panels as standard deviation from the median value over time samples. The top
row shows the convolution for a time series with a simulated burst, dedispersed to the
DM of the burst, and a boxcar with a width maximising the S/N. The bottom row
shows how the convolution process looks for time series without a burst.

and without a burst. Another method is to perform an FFT convolution, utilising
that multiplication in the frequency domain correpsonds to convolution in the time
domain (Smith, 1997). The time series are transformed to the frequency domain with
an FFT, multiplied by the filter, and transformed back to the time domain with an
inverse FFT. The single pulse search software PRESTO (§2.6.1) and HEIMDALL (§2.6.3)
use FFT convolution and running sum, respectively.

The width of a burst is unknown prior to searching, so various boxcar widths must
be tried in order to maximise the signal-to-noise ratio (S/N). Single pulse searching
software use boxcar widths in number of time samples, either with a pre-determined
list of sample widths or as powers of two samples. The detected S/N of a burst drops
as the boxcar width becomes wider or narrower than the burst so it is paramount to
get as close to the correct width to maximise the chances of detection. The detected
S/N of a burst with a width of 20 time samples as a function of boxcar widths is shown
in Fig. 2.6.

Searching for bursts in a filterbank file requires single pulse searching in multiple
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Figure 2.6: Peak signal-to-noise as a function of trial boxcar widths which are convolved
with time series containing a 20 sample wide, simulated burst. The time series is
dedispersed to the DM of the burst. The vertical dashed line indicates a boxcar width
of 20 samples.

dedispersed time series, dedispersed to DMs according to a dedispersion plan. If a
burst resides within the data it will be detected with multiple trial widths in each time
series and at multiple DMs. As the DMs stray away from the correct one, the bursts
will appear wider and will have lower S/Ns, until the DM becomes so incorrect that
they will not be detected at all. The burst event will however be detected at the same
time in each dedispersed time series, so the event in the time series at the DM which
maximises the S/N can be chosen as the burst candidate, as it most likely represents
the true properties of the burst.

2.5 Measuring Rotation Measure

One of the more common ways to measure the RM of FRBs is by using rmfit from
the PSRCHIVE® software package (Hotan et al., 2004). By giving rmfit an input of RM
range and number of steps, it will Faraday de-rotate the data at the trial RMs. For
each trial RM, the frequency-averaged linear polarisation intensity is calculated,

Nchan

Ihn RMtrlal Z \/QRMtnal: RMtnala'L ’ (218)

resulting in a linear polarisation intensity spectrum over trial RMs. The peak of the
spectrum is fitted with a Gaussian, whose centroid represents the best-fit RM. To

3psrchive .sourceforge.net
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Table 2.2: Information of receivers commonly used to observe FRB121102. From left to
right: Telescope, receiver, central frequency (f.), frequency channel bandwidth (Af),
and observing bandwidth (fgw).

Telescope Receiver f. (GHz) Af (MHz) faw (GHz)

Arecibo  C-band 4.5 1.56 0.8

CHIME FRB 0.6 0.39 0.4

Effelsberg  7-beam 1.36 0.59 0.3
Effelsberg CX 6.0 0.98 4
VLA S-band 3.0 0.25 2

obtain a reliable RM value, one must first polarise calibrate their data with noise diode
observations. This can be done using pac from PSRCHIVE.

Other methods of determining RM include the RM synthesis technique (Brentjens
& de Bruyn, 2005), and a fitting of the Stokes Q and U parameters as a function of
wavelength (e.g. Schnitzeler & Lee, 2017)

When measuring RMs, one needs to be aware of the intra-channel Faraday rotation,

calculated as )
RMc*Af
M="T

where ¢ is the speed of light, Af is the frequency channel bandwidth, and f. is the

rad, (2.19)

central observing frequency. If Af becomes too large, channels become depolarised,
and the RM can not be accurately measured. The depolarisation fraction is

sin(2A0)

KRdepol = 1- 72A9 . (2.20)

As Kgepol increases, the accuracy to measure RM decreases. Eq. 2.19 shows that observ-
ing at high frequencies and having narrow channel bandwidths enables measurements
of high RMs. This is important for polarisation measurements of FRB121102, as lower
frequency data with CHIME and Effelsberg are fully depolarised, unless baseband data
are recorded. Fig. 2.7 shows Kgepol as a function of RM for commonly used receivers
(Table 2.2) that are used to observe FRB121102.

2.6 Search Software and Pipelines

The two main publicly available single pulse search software suites used to search for
FRBs are PREST0* (Ransom, 2011) and HEIMDALL®. PRESTO is designed to be used on
central processing units (CPUs), while HEIMDALL is designed for graphics procsessing
units (GPUs) in order to increase processing speeds. While both are very useful, they do
come with their advantages and drawbacks. The various modules of the search software
can be categorised as pre-processing, processing, and post-processing. Processing is

4github. com/scottransom/presto
sourceforge.net/projects/heimdall-astro
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Figure 2.7: Depolarisation fraction, kqepol (Eq. 2.20), as a function of rotation measure
for commonly used receivers used to observe FRB121102. The horizontal dashed line
indicates Kdepol = 1%, and the vertical shaded region shows the range of rotation
measures observed from FRB121102. The receiver information is listed in Table 2.2.
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defined here as the dedispersion and single pulse search of data. Pre-processing and
post-processing are then all processes occurring before and after the processing step,
respectively. Following is a description of the search software and the search pipelines
used in Chapters 3 and 5. The burst search work in this thesis is done on data in a
filterbank format, so the discussion is solely focused on filterbanks.

2.6.1 Presto

PRESTO is used to search for single pulses in the time domain as well as periodic signals
from pulsars in the Fourier domain. Here the focus will be on the time domain single
pulse search.

One of the pre-processing modules of PRESTO is DDplan.py, which creates a dedis-
persion plan based on the data parameters as described in §2.3.5. DDplan.py offers the
option of sub-banding the data and a maximum time resultion with respect to down-
sampling. The dedispersion plan is adjusted accordingy if these optional parameters
are used. DDplan.py trades a small amount of sensitivity to decrease computing time.

Another pre-processing module of PRESTO is rfifind, which identifies potential RFI
based on statistical deviations within the data and creates an RFI mask containing the
time and frequency locations of RFI in the data. These locations will get zapped during
processing, meaning that they get masked with a value of zero. rfifind splits the data
into equal blocks of time at each frequency channel, where the duration of each block
is user defined (~ seconds). The statistics calculated by rfifind for each block of data
are the maximum of the time series Fourier power spectrum, standard deviation, and
mean. If any of the calculated statistics for a block deviate too far from the average of
all the blocks, the block gets flagged as RFI. The default is 10 standard deviations in
time and 4 standard deviations in frequency. By default, if 30% of the time blocks of a
channel get flagged, the whole channel is flagged as RFI. Conversely, if 70% of blocks
at the same time interval across all channels get flagged, all blocks at that time are
flagged as RFI. Users can also input a range of frequency channels and time intervals
that will get zapped. This is useful in cases where the user is aware of persistently bad
channels in their data.

The dedispersion process can be done in one of two ways in PRESTO with either
prepdata or prepsubband. Both of them perform the same general task, to dedisperse
data at a specific DM and write out a dedispersed time series. The more straightforward
of the two is prepdata, which takes DMs and downsampling factors from DDplan.py
and an RFI mask from rfifind as inputs. As prepdata only dedisperses at a single
DM, a loop over the DMs from DDplan. py is required in order to dedisperse at multiple
DMs. The process is somewhat more complex with prepsubband, as it performs a
sub-banded dedispersion. When sub-banding, the dedispersion plan from DDplan.py
includes more processing parameters than just the dedispersion step across the desired
DM range, which further break down the DM steps with respect to the number of sub-
bands. As prepsubband dedisperses a range of DMs, one has to loop over the ranges
of DMs given by DDplan.py in order to cover the desired DM range. Like prepdata,
prepsubband reads in the downsampling factors from the DDplan.py dedispersion plan,
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and the RFI mask from rfifind.

Single pulse searching with PRESTO is done with single_pulse_search.py, which
performs matched filtering on the dedispersed time series created by prepdata or
prepsubband. Peaks in the matched filtering above a S/N threshold are called sin-
gle pulse candidates. The candidates are written out for each dedispersed time series,
listing for each candidate the DM, S/N, time and sample number within the data, and
boxcar width. Optionally one can have single_pulse_search.py create a four panel
plot showing i) a histogram of the candidates’ S/Ns, ii) a histogram of the candidates’
DMs, iit) a plot of the S/N versus DM of the candidates, and iv) the DM of candidates
over time, where the marker size corresponds to the candidate S/N. This plot is shown
for a simulated FRB with a DM of 500 pc cm ™ in Fig. 2.8. There are three impor-
tant optional input parameters to use in single_pulse_search.py. First is the S/N
threshold, whose default is 5.0. In practice this threshold is too low and can create a
large amount of false positive candidates. The S/N in PRESTO is calculated as

pulse

>, I—-B)
S/Nppgsto = Wa (2.21)
OoX

where [ is the signal, B; is the background level, RMS is the root mean square of
the data, and Wiy is the boxcar width. The data is generally normalised by PRESTO
such that B; = 0 and RMS = 1. Second parameter is the maximum width in seconds
to search, which translates to a range of boxcar templates. In PRESTO there is a pre-
determined list of boxcar widths to use® that goes to a maximum of 30 samples wide
by default. The boxcar widths differ based on the time resolution of the data, so a
user-defined maximum width is ideal in order keep search parameters roughly the same
across varying data sets. Third is the so-called “no bad-blocks” flag that removes blocks
of data that have broad and strong pulse candidates. This can be useful when searching
for single pulses from a known pulsar where such pulses are not expected, but can be
detrimental when searching for FRBs that have unknown widths and intensities.

2.6.2 Presto Search Pipeline

I have written a PRESTO pipeline” that is used to search for FRBs in Chapters 4 and 5.
It uses all the features of PRESTO described above, as well as having some customised
features for RFI exclusion and candidate plotting.

The main inputs of the pipeline are a filterbank file and the edges of the DM search
range. To start with, the pipeline creates a dedispersion plan using DDplan.py, followed
by creating an RFI mask with rfifind. By default, it uses prepdata to dedisperse the
data, but using sub-bands with prepsubband is optional, as well as manually inputting
the DM steps and downsampling factor. Next, single_pulse_search.py is run on
the dedispersed time series, which creates separate candidate files for each DM. The
pipeline then collects all the candidates above a S/N of 7, sorts them in time in a single

5 The boxcars are 1, 2, 3, 4, 6, 9, 14, 20, 30, 45, 70, 100, 150, 200, and 300 samples wide.
"github.com/ghenning/new_SPS_pipeline
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Figure 2.8: Candidate plot from single_pulse_search.py. The top row panels show
histograms of number of candidates over S/N and DM, and a scatter plot of S/N over
DM. The bottom panel shows the candidate DM over time within the data, where the
marker sizes increase with S/N. Shown here are the results of a simulated FRB with a
DM of 500 pc cm™3. A typical sign of a burst is the triangle-like shape centered around
the burst DM in the upper right panel, and the increasing and then decreasing marker
size with DM around the burst DM at a specific time in the DM versus time plot.
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file, and calculates their modulation index, m;. The modulation index is an estimation
of the fractional variation across the data frequency spectrum, used to discriminate
between broad-band signals and narrow-band RFI (Spitler et al., 2012). It is calculated
as the normalised standard deviation of intensity across the frequency channels. The
modulation index threshold, mr thresh, above which candidates are considered to be

RFI, is calculated as
v/ Mchan
™MJ thresh = (S/N) R (222)

where n¢pay, is the number of data channels, and (S/N)pyiy is the S/N threshold applied
to the search. If the modulation of a candidate is below the threshold, the pipeline cre-
ates plots showing the dedispersed time series and the dynamic spectrum (dedispersed
and non-dedispersed) around the candidate. These plots can be seen in Fig. 2.9, where
the dynamic spectra are downsampled by a factor of 16. The plots can optionally be
downsampled and sub-banded to desired values. Finally, the pipeline creates a colorised
version of Fig. 2.8, which is used to look for promising candidates that can be further
inspected with the candidate files and plots.

2.6.3 Heimdall

HEIMDALL is a single pulse searching software designed to be ran on GPUs in order to
enable real-time searching. HEIMDALL is best suited for multi-beam data, as it handles
RFI in post-processing by coincidencing candidates. The main inputs of HEIMDALL
are a filterbank file, the edges of the intended DM search range, and a S/N detection
threshold. If one is familiar with the data, it is possible to input channel ranges to zap.
The DM steps are determined by HEIMDALL based on the pulse broadening induced by
the step size, resulting in each DM trial being a function of the data properties and
the previous DM trial (Levin, 2012). The single pulse searching is performed with a
boxcar matched filtering. The boxcar widths are powers of two samples wide, and the
212 samples. Single pulse search candidates that are close in DM
and time are grouped together and the highest S/N candidate is listed, so the multiple
candidates from the burst in Fig. 2.8 would be grouped together as a single candidate.
The HEIMDALL candidate files contain somewhat more information than in PRESTQ. The
beam number information is written in the candidate file name, and the candidate file
itself has the following information:

default range is 2° —

1. Peak S/N of candidate group.

2. Time sample number of candidate.
3. Time of candidate.

4. Boxcar width power index.

5. DM trial number.

6. Candidate DM.
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Figure 2.9: Candidate plots from the PRESTO search pipeline for a simulated FRB. The
top two panels show the non-dedispersed and dedispersed dynamic spectrum around
the candidate, both of which are downsampled by a factor of 16. The bottom panel
shows the dedispersed time series of the candidate. The dedispersion is performed at
the maximum DM found by single_pulse_search.py.
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7. Number of candidates in candidate group.
8. Earliest sample number of candidate group.
9. Latest sample number of candidate group.

As mentioned, HEIMDALL performs RFI classification through the post-processing
module coincidencer. Coincidencing of candidates simply means looking for can-
didates occurring in multiple beams at the same DM and time. The great distance
towards FRB sources means that a burst from an FRB should not be detected in too
many beams. If a candidate occurs in more than a few beams, it is highly likely that
it is RFI. The exact number of beams depends on the beam arrangement with re-
spect to each other on the sky and has to be estimated on a case-by-case basis. The
coincidencer reads the candidate files and outputs a compilation from all of them
with the same information, with the addition of:

1. Number of beams in which candidate is seen.
2. Beam mask.

3. Beam in which candidate has the highest S/N.
4. Maximum S/N across all beams.

5. Beam ID of detection.

The beam mask is a binary number displayed as a base-10 number and represents in
which beams a candidate is detected. Each beam is represented by a bit in the binary
number, with the rightmost bit being the first beam. The bits are 1 for beams in which
the candidate is detected, and 0 otherwise. If a candidate is detected in beams number
1, 2, and 5 out of seven beams, the beam mask will be 00100119 = 191g.

HEIMDALL does have plotting tools that can produce plots somewhat similar to
PRESTO. It is more common though to write one’s own plotting software based on one’s
preference, where the software makes use the candidate information. The beam mask is
particularly important in this respect, as it makes the plotting software, and candidate
rejection, highly customisable.

2.6.4 Heimdall Search Pipeline

HEIMDALL was used to search the multi-beam data from the Phased Array Feed (PAF)
receiver on Effelsberg in Chapters 3 and 4. In their current state, data from the PAF
beams are not synchronised, meaning that the start and end times of data from different
beams could differ by a small amount (~ seconds). This results in the conicidencer
not working appropriately. To resolve this issue, each observation is checked for its
earliest start time and latest end time. For beams not starting or ending at these
times, Gaussian noise is prepended and appended appropriately using a running mean
of the data®. Once the data from all the beams of an observation are the same length

8github. com/ghenning/PAFcode
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and width the same start and end times, the data are dedispersed and searched with
HEIMDALL, and subsequently coincidenced with the coincidencer.

For post-processing, candidates are sifted further with an increased S/N threshold
of 8, minimum DM of 25, maximum boxcar width of 10 (equal to 55 ms for the PAF
data), and maximum number of beam detections of 4. The added S/N threshold is due
to the PAF data having numerous false positive candidates in the S/N range of 7-8.
The remaining candidates are then plotted in the same way as in Fig. 2.9.



CHAPTER 3

Phased Array Feeds and
Commissioning at Effelsberg

One of the more recent receiver developments in radio astronomy are phased array feeds
(PAFs). Typical receivers have feed horns for each each of their receiving elements
and beams of multi-beam receivers are thus separated by some distance based on the
physical separation of the feed horns. PAFs however are made up of an array of receiver
elements without a feed horn, giving a continuous sampling of the focal plane. The
inputs from the PAF elements are combined and made to form virtual beams on the
sky. PAFs can be used to form multiple beams on the sky, resulting in a greater field
of view (FOV) than standard receivers. PAF beams are highly customisable through
the process of beamforming that is applied in the backend after the signal from all the
elements have been received. The shape, pattern, and distribution of the beams can
be controlled, resulting in various practical applications. This versatility provides an
advantage over typical multi-beam receivers (e.g. the 7-beam receiver at Effelsberg)
which have fixed beam patterns due to their physical feeds.

PAFs have been successful in their relatively recent usage as radio telescope re-
ceivers. The most notable use of PAFs is at ASKAP, which is an array of 36 12-m
antennas, each equipped with a PAF capable of forming 36 beams. At ASKAP, mul-
tiple FRBs have been detected (e.g. Shannon et al., 2018; Bhandari et al., 2019; Qiu
et al., 2019) and localised (e.g. Bannister et al., 2019), and its detections have been used
to solve the cosmological missing baryon problem (Macquart et al., 2020, see §1.8). The
aperture tile in focus (Apertif) is a PAF system recently installed on the Westerbork
synthesis radio telescope (WSRT) in the Netherlands. Apertif has been able to detect
multiple bursts from FRB121102 (Oostrum et al., 2020) as well as localising an FRB
within a narrow 5” x 7’ ellipse (Connor et al., 2020).

Even though the appeal of PAFs is clear, they suffer from technical challenges. Their
system temperature is generally somewhat higher than standard receivers, upwards of
50 K (e.g. Oosterloo et al., 2010; Chippendale et al., 2015; Deng et al., 2018), which
results in lowered sensitivity (see Eq. 2.2). To combat this problem, efforts have been
made to manufacture cryogenically cooled PAFs. Progress on such PAFs is already
underway, where a system temperature (normalised by aperture efficiency) of 25 K has
been achieved at GBT (with 19 receiver elements), comparable to the cryogenic single-
feed receiver at the telescope (Roshi et al., 2018). Another interesting development
in cryogenically cooled PAFs is the so-called “Rocket PAF” that has conical receiving
elements resembling a rocket (Dunning et al., 2016), and is being tested at Parkes.
This PAF has 32 receiving elements (16 central, 16 edge), and is estimated to achieve
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sub-20 K system temperatures.
The following sections will describe the use cases of PAFs, with a focus on single-dish
telescopes, followed by a section on the commissioning of a PAF at Effelsberg.

3.1 Increasing the FOV and Survey Speed

Large, single-dish telescopes have a high sensitivity, but small FOVs. As seen in
Egs. 2.4-2.5, the FOV of a telescope is inversely proportional to its size, resulting
in a slower survey speed (SVS), approximated as (e.g. Fisher et al., 2009)

A 2
SVS Nbewa <Teff> y (3.1)
sys

where IV is the number of beams, € is the solid angle covered by each beam, fgw is
the receiver bandwidth, A is the effective collecting area of the telescope, and Ty is
the system temperature.

Multi-beam receivers on large telescopes, such as the 7-beam receiver at Effelsberg,
alleviate the FOV and SVS issues to some extent. With 36 beams, the Effelsberg PAF
has a FOV five times greater than the 7-beam. Assuming that Ty par = 2 X Tiys 7heam,
the PAF has a 30% greater SVS than the 7-beam. If the PAF can be cooled such that
Tiys,PAF = 1.5 X Tiys 7heam, the SVS would become 130% greater than the 7-beam.

The average number of days to an FRB detection can also be compared between
the PAF and 7-beam receivers at Effelsberg. Scaling the all-sky rate from Bhandari
et al. (2018) using Eq. 1.4 yields 3 x 10* bursts sky~! day~! for the 7-beam receiver
and 1.6 x 10* bursts sky~! day~! for the PAF (assuming Tiys,PAF = 2 X Tiys 7heam)-
The FOV of the PAF and 7-beam receivers is is 1 deg? and 0.2 deg?, respectively. The
average time until detection can then be calculated as

-1
T = (Rate X FOV2> days, (3.2)
41253 deg
resulting in 2.6 days until detection for the PAF and 6.9 days for the 7-beam receiver.
To maximise the FOV of a PAF, the beam pattern should be so that there is no
overlap between beams. This is not a common observing mode with PAFs, as the beam
pattern is typically such that adjacent beams marginally overlap to provide continuous
coverage and to improve localisation. Fig. 3.1 shows the difference in the FOVs of the
PAF and 7-beam receivers at Effelsberg, where the beam pattern of the PAF is in a
FOV maximising mode.

3.2 Localisation

PAFs offer a high localisation flexibility due to their beam customisation capabilities.
Depending on the objective, the beam pattern can be adjusted accordingly: For a blind
survey, the beams can be set to slighly overlap to provide both localisation capabili-
ties and a large FOV; or the beams can be set to highly overlap in order to increase
localisation capabilities of a targeted survey.
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10'
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Figure 3.1: Field of view (FOV) comparison between the PAF and 7-beam receivers
at Effelsberg. The PAF beam pattern is set to maximise the FOV. The 36 PAF beam
numbers are listed at the center of each beam. Each beam width is 10 arcminutes.

If a burst is detected within a PAF beam, it can be inhoherently localised based
on the detections and limits in adjacent beams. The detections and upper limits in
the beams are compared to a model for expected flux density that is a function of
intrinsic brightness and sky location, i.e. a beam model. Using ASKAP, Bannister
et al. (2017) incoherently localised an FRB detected in a fly’s eye survey (no overlap
between antennas and only minor overlap between beams of each antenna) to an 8 x 8
region using Bayesian inference (see §5.5 for discussion on Bayesian inference). The
diameter of the ASKAP antennas is 12 meters, so a single beam is ~ 60’ (see Eq. 2.4).
The beam pattern and localisation region are shown in the left panel of Fig. 3.2.

Detecting a burst in real-time and thus triggering a baseband dump can offer even
better localisation constraints. The baseband data can be correlated and radio images
can be created at high time-resolution to obtain a localisation region. This method has
been used at ASKAP to localise FRBs to a host galaxy (e.g. Bannister et al., 2019;
Macquart et al., 2020), where ASKAP’s 6 km array baseline yields statistical position
errors of ~ 10” x S/N™'. The right panel in Fig. 3.2 shows the localisation region of a
burst using both incoherent and interferometric localisation.

Even though PAFs on single-dish telescopes lack the baseline to interferometrically
localise FRBs, they can still be useful. For the PAF at Effelsberg the beam width
is 10’, so a position error of ~ 10" x S/N_1 can be achieved. Performing a survey
with only marginally overlapping beams, a PAF can still localise an FRB to within a
region that can be easily followed up with other receivers or telescopes, as was shown in
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Figure 3.2: ASKAP localisation regions. Left: Incoherent localisation of an FRB in
a fly’s eye mode. Blue circles are the 36 beams of a single PAF, and the red area
is the localisation region. Figure is from Bannister et al. (2017). Right: Incoherent
and interferometric localisation regions of an FRB. Blue area shows the incoherent
localisation region, and the red area shows the interferometric localisation area using
baseband data. Figure is from Bannister et al. (2019).

Bannister et al. (2017). The localisation capability of a PAF can be increased by using
a more compact beam pattern. This is ideal when following up poorly localised FRBs
(e.g. from CHIME) in order to further constrain their localisation region, or to have a
high localisation precision while performing a targeted survey.

3.3 Mitigating RFI

The digital beamformer in the PAF backend can be used to suppress RFI. The beam-
former can be used to calculate beam array covariance matrices (ACMs). The interfer-
ing signal subspace can be estimated from the ACM and be used to update the beam-
former weights, creating spatial nulls towards RFI (Chippendale & Hellbourg, 2017).
During commissioning of the Effelberg PAF at the Parkes radio telescope, Chippendale
& Hellbourg (2017) successfully implemented this method to mitigate known RFI at
the telescope without reducing the PAF system sensitivity. The cycle of downloading
the ACMs and updating the beam weights was two minutes. Chippendale & Hellbourg
(2017) state that by refining the software performing these tasks could significantly
reduce this cycle time, resulting in improved dynamic RFI mitigation.
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3.4 Multi-source Observations

The beamforming of PAFs provides an intriguing opportunity for single-dish telescopes
to observe multiple spread-out sources at once by placing the PAF beams on the position
of several targets simultaneously. Examples of this application could be observing
multiple pulsars nearby on the sky, such as the Galactic center (GC) pulsars, localised
FRBs, or a combination of all these. If all targets are localised, a single beam can be
dedicated to each source and up to 36 sources can be observed simultaneously. On the
other hand, if any of the sources are poorly localised, multiple beams in a close-packed
formation could be dedicated to those sources in an attempt to localise them. During
the commissioning of the Effelsberg PAF at the Parkes radio telescope, Deng et al.
(2017) successfully observed three pulsars simultaneously that were within the PAF
FOV.

3.5 PAF at Effelsberg

The PAF at Effelsberg is an ASKAP Mark II PAF, i.e. the same as are being used at
ASKAP but modified for use at Effelsberg (Chippendale et al., 2016). The 188 (94 x 2
polarisations) receiving elements of the Effelsberg PAF form a chequerboard pattern
across a 1.2-m diameter circle. A total of 36 dual-polarisation beams can be formed,
resulting in an FOV of 1 deg? at 1.4 GHz in a FOV maximising mode. In comparison,
the 7-beam (1.4 GHz) receiver at Effelsberg has an FOV of 0.2 deg?. For both receivers,
the beam widths are 10’.

The PAF can operate at three different frequency bands centered at 900, 1350, or
1500 MHz. The outer two bands suffer from vastly higher system temperatures than
the central band (Deng et al., 2018), while the lower band also suffered from severe
RFI. Only the central band was thus used in the commissioning runs described here.

Due to the size of the PAF frontend, it does not fit in the main focus cabin of the
Effelsberg telescope. Therefore it must be mounted to the outside of the cabin, render-
ing other receivers on the telescope inoperable while the PAF is installed, resulting in
infrequent, long-duration (~week) commissioning runs.

Once a signal reaches the backend it gets channelised into 336 channels. The chan-
nels are separated by 1 MHz and oversampled by a factor of 32/27, meaning that
adjacent channel edges overlap. The oversampling reduces aliasing effects and results
in a flatter frequency response across the bandwidth (Tuthill et al., 2012). The over-
sampled channels then go through the beamformer (BMF) to form the synthesised PAF
beams. Next, each oversampled channel goes through a 32-point complex-to-complex
FFT, meaning each 1-MHz channel is further channelised into 32 channels. For each
32 fine channels, the first two and last three are cut to remove the overlap due to the
oversampling in the coarse channelising stage. Channels at the edges of the band are
also removed, as the frequency response drops significantly near the edges, reducing
the total bandwidth from 336 MHz down to 303 MHz. The data are then detected

(summed in quadrature to obtain total intensity) and integrated in frequency and time
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Table 3.1: PAF observation summary from 17 to 19 April 2018. From left to right:
Source name, right ascension (RA) and declination (DEC) in J2000 coordinates, and
total duration of observing each source. At the bottom is shown the total observing
time from all the observations.

Source name RA DEC Obs. dur. (min)
FRB121102  05"31™02.6° +33°08'04” 171
J1400-0251 14200™39° —02°51'23" 60
J1410-+0859 14M10™m44%  +08°5929.96” 60
J1314+4-2959 13h14™m428  4+29°5959.19” 60
J1419+3940 14M19™18.855° +39°40/36.03" 226
J16224+3212  16M22m44.5715  +32°12/59.28” 118
J23534+0758  23M53™m51.412%  +07°58/35.91” 77

Total 772

to obtain the final data output that is written to disk. For a more detailed description
of the technical and computing aspects of the PAF, see Malenta (2018).

3.5.1 PAF Observations

While mounted on Effesberg, the PAF underwent engineering operations and science
observations. Observational results from four PAF commissioning runs will be de-
scribed here: 17 April-19 April 2018, 26 June—2 July 2018, 29 August—3 September
2018, and 21 March—27 March 2019. The sources observed and their total observation
duration for each run are listed in Tables 3.1-3.4. All the sources were observed at the
center of the boresight beam.

The number of beams for which data are recorded is limited by the GPU power
in the backend. For the runs in 2018, 16 beams were formed for the observations. In
2019, six more beams could be formed by sacrificing a part of the observing bandwidth.
Table 3.5 shows the properties of the total intensity filterbanks and number of beams
for each commissioning run. The beams were arranged in the same way for all the
runs, where the separation between adjacent beams was 7.2'. The beam configuration
for 16, 22, and 36 beams is shown in Fig. 3.3.

The sources observed can be categorised into four distinct groups:

o Test pulsars (PSRs): It is common practice during FRB observations to first ob-
serve a pulsar to estimate the system functionality and quality of an observation.
During the PAF observations, short test pulsar observations were interwoven with
regular observations.

e FRBs: The main FRB focus was to attempt to observe repeat bursts fron
FRB121102. When FRB121102 was not in the observable sky of Effelsberg, so-far
one-off FRBs were observed to look for repeat bursts. The FRBs observed were
FRB130729 (Champion et al., 2016) and FRB110523 (Masui et al., 2015). During
the March 2019 observations the focus was shifted towards FRB180814.J0422+4-73,
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Table 3.2: As Table 3.1 but with PAF observation summary from 26 June to 2 July

2018.
Source name RA DEC Obs. dur. (min)
FRB121102 05"31™02.6° +33°08'04" 774
FRB130729 13h41m218 —05°59/43" 231
J0927-0225  09P27™58.282%  —(02°25/58.95" 174
J1025+1715  10M25™26.189°  +17°15/47.97" 137
J10474+0602  10M47™26.693°  +06°02/47.72" 48
J1058+2413  10M58M23.641°  +24°13/55.32" 114
J1145+1923  11M45™29.346°  +19°23/27.46" 52
J1419+3940  14M19™18.855°  +39°40'36.03" 689
J1622+3212  16"22m44.571°5  +32°12/59.28" 351
J1745-2900  17"45™40.1662° —29°00/29.896" 234
J2353+0758  23h53m51.412°5 +07°58'35.91” 354

NGC1569 04P30m49° +64°50'53" 354
Total 3512

Table 3.3: As Table 3.1 but with PAF observation summary from 29 August to 3

September 2018.

Source name

RA

DEC

Obs. dur. (min)

B0402+61 04P06™30.082° +61°38/41.04” 20
B0609+37  06M12M48.6867°  +37°21'37.36" 203

B1508+55  15M09™25.6298°%  +55°31/32.394"” 14
B1957+20  19"59™36.76988% +20°48'15.1222" 187
FRB110523 21h45m19s —00°09'37" 469
FRB121102 05"31™02.6° +33°08'04” 1027
J1419+3940  14h19™18.855° +39°40/36.03" 583
NGC1569 04P30™m49s +64°50'53" 250

SN2018COW  16M16™00.22° +22°16/04.83" 60
Total 2813
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Table 3.4: As Table 3.1 but with PAF observation summary from 21 to 27 March 2019.

Source name RA DEC Obs. dur. (min)
B0355+54  03P58M53.7238% +54°13'13.784" 115
B0531+421 05P34™m32.0° +22°00'52.1" 55
B1612-+07 161144708 +07°37'31.0" 70
FRB121102 05731™02.6° +33°08'04" 275
FRB180814 hoomens S
10422473 04h20m22 +173°40'00 1825
GRB050826  05"51™02.6° —02°39/28.8" 442
J1419+3940  14M19™18.855°  +39°40/36.03" 569
NGC1569 04h30™m49s +64°50/53" 99
PTF10hgi 16h37m47s 1+06°12/32.3" 778
Total 4228

Table 3.5: Properties of the PAF total intensity filterbanks and number of beams for
each commissioning run. From left to right: Commissioning run date, number of beams,
observing bandwidth (fgw), top frequency ( fiop), channel bandwidth (A f), number of
channels (nchan), and sample time (tgamp)-

Date No. beams fgw (MHz) fiop (MHz) Af (MHz) 7chan  tsamp (145)
April 2018 16 303 1492.2 0.59 512 54
June 2018 16 303 1492.2 0.59 512 54

August 2018 16 303 1492.2 0.59 512 54
March 2019 22 230 1451.7 0.45 512 54

I 16 beams
w22 beams
36 beams

26

27

28

Figure 3.3: Effelsberg PAF beam configuration for 16 (as used in 2018), 22 (as used in
2019), and 36 beams (maximum beam capacity). Each beam width is 10 arcminutes.
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which at the time had only recently been detected and was the only other repeat-
ing FRB (CHIME/FRB Collaboration et al., 2019a).

e Persistent radio sources (PRSs): Ofek (2017) searched nearby galaxies for PRSs
similar to the PRS associated with FRB121102, and found 11 PRSs spatially
coincident with galactic disks or star formation regions while having radio lumi-
nosities > 10% of the FRB121102 PRS. Ofek (2017) notes a reasonable follow-up
prioritisation by the inverse galaxy size and association with star-forming regions
due to smaller galaxies having a lower probability of chance coincidence with
background objects. Of the 11 PRSs, J1419+3940 thus has the highest priority
and is also the most luminous among the PRSs with a luminosity of 0.95 times the
PRS associated with FRB121102. The flux density of J1419+3940 has faded from
26 mJy in 1993 to 0.4 mJy in 2017 (Law et al., 2018), and has been found to be
consistent with the afterglow of a long gamma-ray burst (LGRB, Marcote et al.,
2019). Another PRS of great interest is PTF10hgi (Eftekhari et al., 2019). It is
coincident with a Type-I superluminous supernova (SLSN) and is the first detec-
tion of radio emission coincident with an SLSN. PTF10hgi could be analogous to
the PRS of FRB121102, and the connection between FRBs and SLSNe/LGRBs
(see §1.6.1 and Chapter 4) would be unambiguously demonstrated if an FRB were
to be detected coincident with PTF10hgi.

o Miscellaneous: A few extra sources were observed to fill gaps in the observ-
ing schedules when the primary sources were off-sky for Effelsberg. These
sources were NGC1569, a nearby dwarf galaxy with a high star formation rate,
SN2018COW and GRB050826, a supernova and a long gamma-ray burst, which
were among the sources observed in §4, and the GC magnetar, PSR J1745-2900
(Desvignes et al., 2018).

The observed sources in Tables 3.1-3.4 are sorted by projects in Table 3.6.

3.5.2 Test Pulsars and Sensitivity

The test pulsars observed in August 2018 and March 2019 can be used to estimate
the system equivalent flux density (SEFD, see Eq. 2.2) of the PAF. The test pulsars
were observed for 5-10 minutes at regular intervals throughout the observations. The
pulsar version of the radiometer equation can be used to estimate the SEFD (Lorimer
& Kramer, 2012):

SEFDS/N [ W |
Y,
V nptint fBW P-Ww

where S is the pulse averaged summed flux density of the pulsar, S/N is the signal to

(3.3)

noise ratio, n, = 2 is the number of polarisations, t;,; is the integration time, fpw is
the total bandwidth (after RFI zapping), W is the width of the pulsar (full width at
half maximum), and P is the period of the pulsar. The properties, S (at 1.4 GHz), W,



64 Chapter 3. Phased Array Feeds and Commissioning at Effelsberg

Table 3.6: Sources from Tables 3.1-3.4 ordered by project. From left to right: Test
pulsars (PSRs), FRBs, persistent radio sources (PRSs), and miscellaneous sources.
The last four columns are the burst rate analysis results from §3.5.4-3.5.5 and show
luminosity distance (Dy,), redshift (z), 95% confidence level burst rate upper limits
(RuL), and the rate of an FRB121102-like source scaled with respect to the PAF and
distance (Rg.). The fluence threshold of the rates is above 1.9(wpys/ms)*/? Jy ms for
burst widths of wp,s milliseconds. The distance to Galactic sources, i.e. the test PSRs
and J1745-2900, is a DM-based distance estimated from the YMW16 electron density
model, and is given in kiloparsecs.

Project Source Obs. dur. Dy, z Ry, R
(min) (Mpc) (bursts/day)  (bursts/day)
B0355+54 115 1.0 kpc
B0402+61 20 4.6 kpc
Test B0609+37 203 0.5 kpc
PSRs B1508+55 14 2.1 kpc
B1957+20 187 1.4 kpc
B0531+21 115 2.0 kpc
B1612+07 70 1.6 kpc
Total 724
FRB121102 2247 947.5 0.193 4.1 2.1+£0.5
FRB130729 774 5.6
FRBS  pRrB110523 469 9.2
FRB180814
J0422+73 1825 2.4
Total 5315
J1400-0251 60 109.8 0.025 71.9 39£15
J1410+0859 60 100.8 0.023 71.9 45 £ 17
J1314-+2959 60 100.8 0.023 71.9 45 +£ 17
J1419+4-3940 2067 87.5 0.020 2.1 59 + 22
J1622-+3212 469 96.4 0.022 9.2 50 £19
PRSs J2353+0758 431 78.6 0.018 10.0 72 + 27
J0927-0225 174 100.8 0.023 27.8 45+ 17
J1025+1715 137 78.6 0.018 31.5 72+ 27
J1047-+0602 48 83.1 0.019 89.9 64 + 24
J1058+2413 114 91.9 0.021 37.8 54 + 20
J1145+1923 52 109.8 0.025 82.3 39£15
PTF10hgi 778 see §4.4.2
Total 4450
NGC1569 703 2.5 0.00056 6.1 38000 £ 14000
Misec. SN2018COW 60 63.3 0.014 71.9 106 £ 40
GRB050826 442 1542.3 0.296 9.8 0.440.1
J1745-2900 234 8.3 kpc

Total 1439
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Figure 3.4: The SEFD over time in MJD for the commissioning runs in August 2018
and March 2019. Each point represents a test pulsar observation from which an SEFD
was estimated. The horizontal lines show the median SEFD value of each run.

and P of each pulsar can be obtained from the ATNF pulsar catalogue! (Manchester
et al., 2005). The other quantities in Eq. 3.3 are obtained from the observations.

The pulsar data were folded, i.e. aggregated over intervals equal to the pulsar
period, using dspsr? (van Straten & Bailes, 2011) and excised of RFI using pazi from
PSRCHIVE, which was also used to obtain S/N, tiy, and fpw. The resulting SEFD over
time is shown in Fig. 3.4. The SEFD between pulsar observations was highly erratic in
August 2018, while staying much more stable in March 2019. The median SEFD was
245 Jy and 157 Jy in August 2018 and March 2019, respectively.

The scattering timescale of the test pulsars at the observed frequency is on the
order of 1077 s, resulting in scintillation bandwidths of ~ 1 MHz (Eq. 1.45) and a
total of ~ 200 scintles across the observing band. Scintillation is therefore unlikely to
be the primary cause for the highly varying SEFD estimates from August 2018. The
scattering timescales are also orders of magnitude less than the periods of the pulsars,
so scattering should also not have an effect on the SEFD estimates. The varying SEFD
in August 2018 could be linked to self-generated PAF RFT erratically overwhelming the
pulsar signals, resulting in varying pulsar S/Ns. The unexpectedly high overall SEFD
could be due to underestimated numbers of badly beamformed channels, reducing the
effective bandwidth. The PAF RFI and beamforming issues are both discussed further
in the following section.

3.5.3 Single Pulse Candidates and RFI

The PAF data were searched using the HEIMDALL single pulse search pipeline described
in §2.6.4. Unfortunately, no single pulses were detected, except from the test pulsars.
Example single pulse candidate plots from the pulsars B0355+4-54 and B1508+55 can

latnf.csiro.au/research/pulsar/psrcat
2dspsr .sourceforge.net


atnf.csiro.au/research/pulsar/psrcat
dspsr.sourceforge.net
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Figure 3.5: Candidate plots of single pulses from B1508+-55 from 2 September 2018
(top row, DM of 20 pc cm™3) and B0355+54 from 23 March 2019 (bottom row, DM
of 57 pc em™3). Left: Dynamic spectrum. Center: Dedispersed dynamic spectrum.
Right: Dedispersed time series. The dynamic spectra are downsampled by a factor of
16 and subbanded to 64 channels.

be seen in Fig. 3.5. The number of single pulse candidates (ignoring test pulsars) and
the number of excised candidates for each commissioning run are shown in Table 3.7.
The number of candidates rejected individually by each method is also shown, where
the maximum width and beam mask methods were the most effective.

A real, astrophysical signal originates from very far away and thus should only
be detected in a single beam, or several adjacent beams depending on how strong it
is. Locally originating RFI is usually detected in many or all beams. On top of the
rejection methods described in §2.6.4, the beam mask obtained from Heimdall can
be very useful in rejecting multi-beam RFI single pulse candidates. A very primitive
beam mask sifting was used in 2018 where candidates were only rejected if detected
in all beams (beam mask of 2%, where x is the number of beams). This means that
all the candidates rejected by the beam mask sifting were by default also rejected by
the number of beams sifting (i.e. detected in fewer than 5 beams). The beam mask
sifting method was updated for the observations in 2019. For each candidate the binary
representation of a bad beam mask was calculated to contain beams not adjacent to
the detection beam. If the candidate’s beam mask shared any binary bits with the “bad
beam mask”; it was rejected. This also removed the requirement of using the number
of beams sifting.

From the candidate inspection it was evident that the observations were heavily
affected by RFI. An example of regularly occurring, detrimental RFI can be seen in
Fig. 3.6. The observations in 2018 suffered from a peculiar type of RFI, where string-
like signals were apparent in the dynamic spectrum of the data. Example candidates
from this RFT are shown in Fig. 3.7. When dedispersed, this RFI could by chance line



Table 3.7: PAF candidates from the four commissioning runs from April 2018 to March 2019. From left to right: Observing epoch,
total number of candidates, candidates removed due to signal-to-noise threshold, minimum DM, boxcar width, beam mask, and
number of beams candidate was seen in, how many candidates remain after removal, percentage of candidates removed, and the
number of candidates per minute after false positive rejection. Each rejection method column indicates the number of candidates
rejected individually by each method. The beam mask excision was updated in 2019 such that number of beams excision was not
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needed.

Obs. Num. cands S/N DM Width  Beam mask Num. beams Remaining % reduction Cands./min.
April 2018 956586 159137 647223 878268 758075 805625 44597 95% 58
June 2018 2566370 833281 1765553 2434240 2417424 2485481 539884 79% 153

August 2018 2862251 478359 2036076 2641370 2338977 2520754 168837 94% 60
March 2019 3717505 1275441 3029372 3465385 3357856 - 633220 83% 150
Total 10102712 2746218 7478224 9419263 8872332 5811860 1386538 86% 122

L9
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Figure 3.6: Dynamic spectra of PAF data showing various RFI. The white horizontal
bars are nulls in the data due to failed data streaming.

up in such a way that it looks like a burst in the dedispersed time series. The source of
this RFI turned out to be self-generated by the PAF from its receiver element monitor.

An error in the backend occurred in August 2018, where frequency channels would
not be aligned correctly in time. This problem was only noticable early on during the
commissioning run and seems to have been fixed by restarting the backend. This can
be seen clearly in the folded profile and dynamic spectrum of the pulsar B0609+-37,
shown in Fig. 3.8.

In the BMF, the coarse 1 MHz freqency channels are calibrated in groups of 7. If
a channel group is affected by RFI stronger than the calibration source, the group will
have an undefined pointing position. These are called “badly beamformed” channels
and produce incoherent data. Identifying the badly beamformed channels is not always
obvious, but suspected channels can be seen in the dynamic spectra of Figs. 3.5 and 3.8
as grey horizontal bars cutting out the pulsar signals. Each time the BMF was started,
data streaming of some channel groups did not initialise and as a result have null-
values in their channel time-series. During each observing epoch, 4-6 channel groups
on average suffered from failed data streaming, resulting in a bandwidth decrease of
28-42 MHz. This effect can be clearly seen as white, horizontal bars in the dynamic
spectra shown in Figs. 3.5-3.6.

3.5.4 FRBs

During two of the four commissioning runs, FRB121102 was in a state of inactivity
based on its apparent periodicity of 165 + 5 days with a 60% activity window (Cruces
et al., 2020). The active phases of FRB121102 and the PAF observing dates are plotted
in Fig. 3.9. The observations in April 2018 and March 2019 were near the edge of the
suspected activity. However, there are uncertainties on the periodicity and activity
window of FRB121102, so whether these observations are during an active phase is
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Figure 3.7: Single pulse candidate plots of the string-like, self-generated PAF RFI.
Top row: Candidate at a DM of 171 pc cm™>. Bottom row: Candidate at a DM
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of 609 pc cm™>. Left: Dynamic spectrum. Center: Dedispersed dynamic spectrum.

Right: Dedispersed time series. The dynamic spectra are downsampled by a factor of
16.

uncertain. Assuming a periodicity of 165 days and a 60% activity window, FRB121102
was observed with the PAF for a total of 1049 minutes while active, i.e. in June 2018
and March 2019.

Following the methods in §4.4, a published burst rate of FRB121102 can be scaled
to the sensitivity of the PAF, and an upper limit (UL) to its burst rate can be calcu-
lated for the observations within activity windows. Obtaining ULs is useful for further
surveys to estimate the time required to obtain more constraining ULs, or to use a
model or source with predicted rates to see if the rates are consistent with the ULs.
Assuming Poissonian statistics, the rate of FRB121102 during its active phase based
on observations with the 7-beam receiver at Effelsberg is 18 + 4 bursts per day above a
fluence of 0.08(wnms/ms)/? Jy ms for burst widths of wyy,s milliseconds (Cruces et al.,
2020). Scaling this rate to the PAF observations yields 2.1 + 0.5 bursts per day above
a fluence of 1.9(wms/ms)/? Jy ms, assuming an SEFD of 157 Jy and a bandwidth of
210 MHz due to failed data streaming and high volume of RFI during the 2018 obser-
vations. Based on this rate, the expected number of bursts on average from the PAF
observations is 1-2. Since no bursts were detected, the probability of non-detection can
be calculated by assuming Poissonian statistics. The probability of detecting X bursts
is
(rt)*

X!’
where r is the average rate and ¢ is the duration of the observations. Alternatively,
this probability can be calculated using Eq. 4.11 as a Weibull distribution is reduced to
a Poissonian one when the Weibull shape parameter is equal to one. The probability
of non-detection from FRB121102 is 22%. Based on the PAF observations, the 95%

P(X|r,t) = exp (—rt)

(3.4)
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Figure 3.8: Folding of B0609+37 from observations at August 29th 2018 (left) and Au-
gust 30th 2018 (right). Top: Folded profile. Bottom: Dedispersed dynamic spectrum.
The left panels show a frequency misalignment in time. The right panels show the
channels properly aligned in time after restarting the PAF backend.
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Figure 3.9: Active phases (red columns) of FRB121102 and the time of each PAF
commissioning run (black lines, Tables 3.1-3.4) in MJD. Each run is labeled with the
month it occurred. The dotted lines indicate the start of a calendar year.
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confidence level (CL) FRB121102 burst rate UL is 4.1 bursts per day, and thus does
not constrain the scaled rate. For the other FRB observations, the 95% CL burst rate
ULs are calculated in the same way. All the FRB burst rate estimates are listed in
Table 3.6.

On 29 March 2019, only a few days after the PAF observations, a burst from
FRB180814.J0422+73 with an S/N of 11.7 was detected with CHIME?. This S/N can
be translated to a PAF S/N using the radiometer equation (Eq. 2.3). The difference
in observing frequencies between the PAF and CHIME also requires an assumption of
an FRB spectral index (Eq. 1.7). Two spectral indices will be assumed here: similar to
pulsars, i.e. @ = —1.5 as well as a flat spectral index. An estimate of the sensitivity of
CHIME is also required. Using CHIME detections from CHIME/FRB Collaboration
et al. (2019¢), the CHIME SEFD can be estimated to be roughly 80 Jy. The resulting
PAF S/N is 1.3 for a spectral index of —1.5, and 4.4 for a flat spectral index. Both
values lie well beneath the S/N threshold of the PAF single pulse search, meaning this
burst could not have been detected with the PAF.

3.5.5 PRSs

For the PRSs, the analysis in §4.4 can be repeated, where two rates can be inferred
from the PAF observations: a 95% CL burst rate UL based on the non-detections
and a rate of an FRB121102-like source located at the observed target, scaled with
respect to distance and receiver sensitivity difference. This analysis is done for the
PAF observations of PTF10hgi in §4.4.2, where 4-7 bursts are expected on average
from the observations and the scaled FRB121102 rate is excluded at the 99% CL.
Analysis of the other PRSs, as well as NGC1569, SN2018COW, and GRB050826, is
performed here. Instead of an on-phase rate, the FRB121102 rate is scaled from a
total average from the aforementioned Effelsberg 7-beam survey of 8 4+ 3 bursts per
day (Cruces et al., 2020). Again, an SEFD of 157 Jy and a bandwidth of 210 MHz is
assumed. The luminosity distance, redshift, and inferred rates are given in Table 3.6.

The scaled rates of five PRSs are constrained by their 95% CL burst rate ULs
(J1419+3940, J1622-+3212, J2353+40758, J0927-0225, and J1025+1715). The hypoth-
esis of an FRB121102-like source source situated at each of these five PRSs and pro-
ducing bursts above a fluence of 1.9(wps/ms)'/? can thus be rejected at a 95% CL. One
can see there is direct correlation between observing time and rejecting the scaled rate.
All the PRSs are at similar redshifts, resulting in similar scaled rates. The observing
time required to reject the scaled rates is therefore comparable between the PRSs, and
based on the results here is roughly two hours.

The very high scaled rate of NGC1569 is also constrained by its burst rate UL. The
reason for its scaled rate being so high arises from the luminosity distance scaling in
Eq. 4.9. The difference in luminosity distance between FRB121102 and NGC1569 is
roughly a factor of 400, resulting in a Dy, factor of ~ 5 x 10 in Eq. 4.9. The FRB
brightness distribution power-law index used here (and in §4.4) is v = —0.91 (James,
2019). With a flatter brightness distribution, i.e. v closer to zero, the effects of the
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distance scaling would be drastically reduced. The burst rate of giant pulses (GPs)
from the Crab pulsar (B0531+21) can also be scaled to NGC1569. Using survey values
and v = —2.8 from Bera & Chengalur (2019) results in a PAF-scaled rate of ~ 10712
GPs per day for a Crab-like pulsar in NGC1569. This shows that repeating FRBs are
difficult to explain with Crab-like neutron stars, even when scaling to relatively nearby
objects such as NGC1569. A flatter v or a younger source with a higher absolute energy
would be required in order to obtain more reasonable rates.

3.5.6 GC Pulsars

The observations of the GC magnetar J1745-2900 (Table 3.2) included observations of
four other GC PSRs in the outer beams of the PAF: J1745-2910, J1746-2849, J1746—
2850, and J1746-2856. The multi-beam data were folded at the period of each PSR
using dspsr to see if a folded profile of any of the PSRs could be seen. None of the
GC magnetar or PSRs were detected. The properties of the GC PSRs (Johnston et al.,
2006; Deneva et al., 2009; Spitler et al., 2014b; Dexter et al., 2017a) can be used to
estimate their expected S/N from the PAF observations. The scattering timescales of
the GC PSRs are between 10-20% of their periods at the observed frequencies, and
their scatter broadened widths result in an S/N of 24 for J1745-2900, 9-14 for J1746—
2849, J1745-2850, and J1746-2856, and 4 for J1745-2910. The non-detection of the GC
PSRs could thus be due to their expected low S/Ns and large scattering timescales in
the PAF frequency band. Additionally, J1746-2850 is an intermittent source (Dexter
et al., 2017b) and J1745-2910 has only been detected once (Deneva et al., 2009), so
their non-detection is not surprising.

3.5.7 Future Outlook

Improvements can be made for future observations with the Effelsberg PAF. To be
able to obtain polarisation data and to reveal burst structures at higher resolutions,
a real-time search pipeline can be implemented to trigger baseband dumping. Efforts
to reduce the system temperature, and consequently the SEFD, of the PAF will be
important to improve its sensitivity.

Using the beamforming capabilities of the PAF to spatially reject RFI would vastly
improve the observation data quality and reduce the number of false positive candi-
dates. Another way to reduce false positive candidates would be to use the neural
network candidate classifier FETCH (Agarwal et al., 2020), which bases its classification
on frequency—time and DM-time images of candidates. FETCH can be implemented
for both the real-time and offline searches. The beam mask value from HEIMDALL’s
coincidencer can also be used in a more sophisticated way. From the beam mask
one can tell from which beams a candidate was seen. Based on the beam setup, a list
of allowed beam masks can be generated in order to reject candidates seen in distant
beams.

Plenty of interesting observational possilities exist for the Effelsberg PAF.
FRB121102 and FRB180916.J0158+65 are probably the most clear examples (see §1.3
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and §1.4). Their apparent periodicity can be investigated, and with baseband dump-
ing their polarisation properties and burst structures can be scrutinised. The CHIME
repeaters (CHIME/FRB Collaboration et al., 2019¢) are poorly localised, but their
localisation regions in most cases fit within the PAF FOV. These repeaters can thus
be observed in order to further constrain their localisation regions, enabling further
observations with more sensitive single-beam receivers or to localise them to their host
galaxies with the European VLBI Newtork or the Karl G. Jansky Very Large Array.
Galactic sources of interest are the GC PSRs. The beam pattern can be set in such a
way that all of them can be observed simultaneously with the PAF, with one (or more)
beam dedicated to each PSR. Of the GC PSRs, the most notable targets are the GC
magnetar, PSR J1745-2900, to observe its rotation measure evolution (Eatough et al.,
2013; Desvignes et al., 2018, see Chapter 5), and the elusive PSR J1745-2910, which
has hardly been detected since its discovery (Deneva et al., 2009).

Continued commissioning work on the PAF is vital in order to have the infrastruc-
ture, knowledge, and software in place to provide a seamless transition to a cryogenically
cooled PAF, should one be built for Effelsberg. Such a PAF will have a much higher
sensitivity and SVS and could replace the 7-beam receiver at Effelsberg as the de facto
1.4 GHz receiver.






CHAPTER 4

Observing superluminous
supernovae and long gamma ray
bursts as potential birthplaces of
repeating fast radio bursts

This chapter is based on an article titled “Observing superluminous supernovae and
long gamma ray bursts as potential birthplaces of repeating fast radio bursts’, which is
published in Monthly Notices of the Royal Astronomical Society, Volume 493, Issue 4,
p.5170-5180, 2020'. The manuscript remains unchanged, but is formatted to fit the
template of the thesis.

As the lead author of this publication, I have performed the Effelsberg observations,
reduced and searched the entirety of the data, performed the analysis, and written the
manuscript.

The full author list is G. H. Hilmarsson, L. G. Spitler, E. F. Keane,
T. M. Athanasiadis, E. Barr, M. Cruces, X. Deng, S. Heyminck, R. Karuppusamy,
M. Kramer, S. P. Sathyanarayanan, V. Ventakraman Krishnan, G. Wieching, J. Wu,
and O. Wucknitz.

4.1 Abstract

Superluminous supernovae (SLSNe) and long gamma ray bursts (LGRBs) have been
proposed as progenitors of repeating Fast Radio Bursts (FRBs). In this scenario,
bursts originate from the interaction between a young magnetar and its surrounding
supernova remnant (SNR). Such a model could explain the repeating, apparently non-
Poissonian nature of FRB121102, which appears to display quiescent and active phases.
This bursting behaviour is better explained with a Weibull distribution, which includes
parametrisation for clustering. We observed 10 SLSNe/LGRBs for 63 hours, looking for
repeating FRBs with the Effelsberg-100 m radio telescope, but have not detected any
bursts. We scale the burst rate of FRB121102 to an FRB121102-like source inhabiting
each of our observed targets, and compare this rate to our upper burst rate limit on a
source by source basis. By adopting a fiducial beaming fraction of 0.6, we obtain 99.99%
and 83.4% probabilities that at least one, and at least half of our observed sources are
beamed towards us respectively. One of our SLSN targets, PTF10hgi, is coincident
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with a persistent radio source, making it a possible analogue to FRB121102. We
performed further observations on this source using the Effelsberg-100 m and Parkes-
64 m radio telescopes. Assuming that PTF10hgi contains an FRB121102-like source,
the probabilities of not detecting any bursts from a Weibull distribution during our
observations are 14% and 16% for Effelsberg and Parkes respectively. We conclude by
showing that a survey of many short observations increases burst detection probability
for a source with Weibull distributed bursting activity.

4.2 Introduction

Fast Radio Bursts (FRBs) are bright, highly dispersed, millisecond-duration radio tran-
sients of unknown origin. Since their inaugural detection (Lorimer et al., 2007), close
to 100 FRB discoveries have been published? (Petroff et al., 2016). FRBs are believed
to be extragalactic due to their high dispersion measures (DM), which far exceed the
expected Galactic DM contribution. This belief has strenthened as FRBs have been
increasingly localized to host galaxies (Chatterjee et al., 2017; Bannister et al., 2019;
Ravi et al., 2019; Prochaska et al., 2019; Marcote et al., 2020). While most FRBs
detected so far have been single events, FRB121102 was the first to be seen to repeat
(Spitler et al., 2016), and recently nine repeating FRBs have also been detected at
CHIME (CHIME/FRB Collaboration et al., 2019a; The CHIME/FRB Collaboration
et al., 2019). The repeating nature of some FRBs suggest that there are possibly two
populations of FRBs, repeating and non-repeating.

FRB121102 has been localized to a host galaxy (Michilli et al., 2018a), and its host
identified as a low-metallicity dwarf galaxy at a redshift of z = 0.1927 (Tendulkar et al.,
2017), with a stellar mass of M, ~ 1.3x10% M, and a star formation rate of 0.23 Mg,
per year (Bassa et al., 2017b). A compact persistent radio source with a projected
size of < 0.7 pc was detected alongside FRB121102 (Marcote et al., 2017) and was
determined to be co-located to within a projected distance of < 40 pc to the bursting
source.

Evidence for coincidence between FRB121102 and the persistent radio source, along
with the identification of the host galaxy, led to the suggestion of two types of progenitor
models: a magnetar wind nebula containing a young magnetar, embedded within a
supernova remnant (SNR) (Metzger et al., 2017); or a low luminosity active galactic
nucleus (AGN) acting as the persistent radio source, with the bursting activity either
originating from the AGN itself (Romero et al., 2016), or through interaction with a
nearby neutron star (NS) (e.g. Zhang, 2018b). In the case of FRB121102, the AGN
model was initially thought unlikely, as dwarf galaxies rarely contain AGNs, along with
the fact that no evidence of an AGN in the optical spectrum was observed (Tendulkar
et al., 2017). However, a recent survey has shown that AGNs can be found offset from
the optical center of dwarf galaxies (Reines et al., 2020). Additionally, the recently
observed large and decreasing rotation measures (RMs) of FRB121102 (~ 10° rad/m?)
(Michilli et al., 2018a), have drawn analogies between the system and the Galactic
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center magnetar, J1745-2900 (~ —65000 rad/m?) and Sagittarius A* system (Desvignes
et al., 2018).

Supernovae occur from the collapse of massive stars into black holes (BHs) or NSs.
In some rare cases the remnant BH or NS powers a relativistic jet into the circum-
stellar medium (Woosley, 1993), and internal shocks within these jets can produce
long gamma-ray bursts (LGRBs) (Rees & Meszaros, 1994). Type-I superluminous su-
pernovae (SLSNe) are a subclass of supernovae which are hydrogen poor, orders of
magnitude more luminous, have shorter decay times than the typical Type-I super-
novae, and have been postulated to be the precursor of LGRBs (Gal-Yam, 2019). The
high luminosity is powered by a newly-born magnetar, where the magnetar spin-dowon
rate is tied to the short decay time (Greiner et al., 2015). In addition to producing
a fast-spinning NS with a strong magnetic field that could produce more luminous
radio bursts than Galactic NSs, Type-I SLSNe and the resulting LGRBs also seem to
occur more often in low-mass, low-metallicity galaxies (Fruchter et al., 2006; Perley
et al., 2016). Type-I SLSNe and LGRBs can therefore explain the repeating nature
of FRB121102 and its coincident persistent radio source. Note that throughout this
paper, any mention of SLSNe is exclusively referring to Type-I SLSNe.

For FRB121102, the persistent radio source’s luminosity is consistent with a model
of radio emission from an SNR which is powered by a young magnetar (Metzger et al.,
2017). A radio burst could therefore originate from the magnetosphere of such a magne-
tar in a similar fashion to pulsar giant pulses (Cordes & Wasserman, 2016). Similarities
in burst properties between FRB121102 and the Crab pulsar have been observed, al-
though whether giant pulses from the Crab can be scaled to the energies of FRB121102
is unclear (see Hessels et al., 2019, and discussion therein). Alternatively, Metzger et al.
(2019) have modelled FRBs as synchrotron maser emissions from within an SNR. In
that scenario, a central engine releases ultrarelativistic particles which collide with a
mildly relativistic magnetized ion-electron shell. The deceleration of the shell through
forward shocks would then produce FRBs through a synchrotron maser mechanism.
Metzger et al. (2019) illustrate both production of FRBs within a large frequency range,
0.1-10 GHz, and the apparently dormant and clustering phases of bursts observed from
FRB121102.

Shortly after the explosion, an SNR is optically thick at radio frequencies, so radio
bursts from an embedded magnetar cannot be detected. If the SNR is mainly ionized
by the reverse shock, it can be probed at radio frequencies after a timescale of centuries
(Piro, 2016). However, assuming that along with the reverse shock of the supernova
ejecta, the SNR is photoionized from within by the magnetar, the SNR becomes op-
tically thin at the frequency of the bursting emission after ¢t ~ 10 V(;I%I/Z > yrs (Metzger
et al., 2017). At 1.4 and 6 GHz, t is 8.7 and 4.9 yrs respectively, in the emitted frame.

In this work we have identified and observed nine SLSNe and LGRBs as suitable
sources for a targeted repeating FRB search at high frequencies (5.3-9.3 GHz) with the
Effelsberg 100-m Radio Telescope. The motivation for choosing this frequency range
is that the SNR model allows for younger, and hence more, sources to be observable;
and that FRB121102 has been observed to emit at these frequencies (Gajjar et al.,
2018). We later added PTF10hgi to our 5.3-9.3 GHz survey and observed it during
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commissioning time for the phased array feed (PAF) receiver at Effelsberg at 1.4 GHz
and with the ultra wideband low (UWL) Parkes 64-m Radio Telescope receiver (0.7
4.0 GHz). This addition was made following the discovery of a radio source coincident
with the SLSN PTF10hgi at 6 GHz with the VLA (Eftekhari et al., 2019). This is
the first detection of a persistent radio source coincident with SLSNe/LGRBs, and it
could be analogous to FRB121102’s persistent radio source. If an FRB were to be
detected from PTF10hgi it would prove the theorised connection between FRBs and
SLSNe/LGRBs. Additionally, the age of PTF10hgi was roughly nine years at the time
of observing, so its SNR should be only recently optically thin at 1.4 GHz. With our
wide range of frequencies we could potentially observe the optically thick-thin transition
of the SNR.

Similar surveys have been performed recently: Law et al. (2019) observed 10 SLSN
using the Karl G. Jansky Very Large Array (VLA) for 8.5 hrs at 3 GHz, where they
managed to detected the persistent radio source of PTF10hgi in their radio image
searching. Men et al. (2019) observed five LGRBs and one short GRB for 20 hrs using
the Robert C. Byrd Green Bank Telescope (GBT) at 820 MHz and 2 GHz, and the
Arecibo Radio Telescope at 1.4 GHz. Madison et al. (2019) observed six short GRBs,
which originate from the merger of neutron stars and could leave behind a magnetar
capable of producing repeating FRBs, for 20 hrs using the GBT at 2 GHz and Arecibo
at 1.4 GHz. No FRBs were detected in these surveys.

4.3 Observations

Our obsevations were carried out using The Effelsberg 100-m Radio Telescope in Effels-
berg, Germany; and The Parkes 64-m Radio Telescope in New South Wales, Australia.
The receivers used at Effelsberg were the S45mm single pixel receiver, and the PAF; and
at Parkes, the UWL receiver. These will be described in their respective subsections
below.

The selection process for our targets was as follows. A list of SLSNe and LGRBs
was gathered from the Open Supernova Catalog® (Guillochon et al., 2017) and the
Swift GRB Catalog? with each source being older than five years, and at a maximum
redshift of 0.4. The age cut-off was conservatively set to five years to include only SNRs
which are optically thin in the observing band of the receiver. The redshift limit was set
with respect to detections of FRB121102 at Effelsberg: By combining the radiometer
equation (Dicke, 1946) and the brightness drop-off of the inverse square law, it follows
that a detection with a signal to noise (S/N) of 40 at a redshift z = 0.2 could be
detected with a S/N of 10 at z = 0.4 with the S45mm receiver.

The observed targets are listed in Table 4.1, and the complete list of observations
can be found in Table 4.2. The range of our observations spans from June 2017 to
September 2019. To reassure ourselves that the PAF system was working properly, we
observed a test pulsar, B1612+07, for five minutes every hour during observations of
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PTF10hgi. To detect it we folded the test pulsar data using dspsr from the pulsar
analysis software library psrchive®. For 42.3 of our total 63 observing hours, we
observed our original nine targets with the S45mm receiver for 1-2 hrs each time with
a ~5 month cadence. We observed PTF10hgi for 5.3 hrs, split into two observations
of roughly 2.5 hrs each spaced a month apart with the S45mm receiver; for 13 hrs
with the PAF receiver for 1.5-4 hrs each day for four days; and for 2.3 hours over
three observations with the UWL spaced across six months. The strategy of multiple
short observations was motivated by the apparent clustering of bursts from FRB121102
(Oppermann et al., 2018).

The total DMs of our potential radio sources can be broken down into individual
contributions by various components

DM = DMmw + DMymwhato + DMiam + DMpost, (4.1)

where DMyw and DMywhalo are the DM contribution of the Milky Way (MW) and its
halo, respectively, DMgnm is the contribution of the intergalactic medium (IGM), and
DMyj,est is the contribution of the host galaxy and the local environment of the source.
The DMy varies between different lines of sight (LoS), but in general does not exceed
100 pc cm~3 for LoSs away from the Galactic plane, which is the case for most of our
targets. Using the Galactic electron density model YMW16 (Yao et al., 2017), we obtain
DMuw values between 22 and 143 pc cm™3 for our targets. We assume a DMyiwhalo
value of 50-80 pc cm™3 (Prochaska & Zheng, 2019). To estimate the DMigy we use
the relation z ~ DM/855 pc em ™3 (Zhang, 2018a) reulting in a DMjgy range of 66-311
pc cm 3. The estimated DMygy from recent FRB localisations are in agreement with
this relation (Bannister et al., 2019; Ravi et al., 2019). Note that LoS variations might
vary from 100 to 250 pc cm™3 for DMjqy for our redshift range depending on models
for halos’ gas profile of ionized baryons (McQuinn, 2014, Fig. 1, bottom panel). The
DMyost component can vary between FRB progenitor models, types of host galaxies
and local environments, orientation of the host galaxy, and the LoS to the source
through its host (Walker et al., 2018). The DMy,g estimate for FRB121102 is in the
range of 55-225 pc cm ™3 (Tendulkar et al., 2017). Using this range for our DMy,gt, the

estimated total DM of our targets falls in the range of 220-700 pc cm™3.

4.3.1 S45mm receiver

The S45mm receiver is located in the secondary focus of The Effelsberg Telescope, and
yields 4 GHz of bandwidth between either 4-8 GHz or 5.3-9.3 GHz. The receiver has
an SEFD of 18 Jy. All the observations made using this receiver in this work are in
the 5.3-9.3 GHz mode, except for the observations of PTF10hgi, which were taken
in the 4-8 GHz mode. The data are recorded with full Stokes using two ROACH2
backends, each capturing 2 GHz of the band, with a 131 ps sampling rate, and a
0.976562 MHz channel bandwidth across 4096 channels. The resultant data are in a

Shttp://psrchive.sourceforge.net/


http://psrchive.sourceforge.net/

Chapter 4. Observing superluminous supernovae and long gamma ray

bursts as potential birthplaces of repeating fast radio bursts

80

Table 4.1: Properties of the observed SLSNe/LGRBs. From left to right: Source name, discovery date, right ascension (RA) and
declination (DEC) in J2000 coordinates, sources redshift (z), the type of source, i.e. whether it’s an LGRB or SLSN, and the average
estimated total DM (pc cm™3).

Source name  Discovery date RA DEC z Type DM [pc cm—3]
GRB050826 2005/08/26 05"51™02.6° -02°39'28.8”  0.297 LGRB 600
GRB051109B 2005/11/09 23h01™m52.6°  +38°39/46.8” 0.080 LGRB 330
GRB111225A 2011/11/25 00h52m37.95  +51°34/22.8” 0.297 LGRB 590
PTF09cnd 2009/08/07 16212m08.945  +51°2916.1”  0.258 SLSN 450
PTF10uhf 2010/08/05 16M52m47  +47°36'21.76” 0.288 SLSN 480
PTF10bjp 2010/01/09 10M06™343 +67°59'19.0”  0.358 SLSN 550
SN2010gx 2010/03/13 11h25m46.715  -08°49'41.4”  0.230 SLSN 430
PTF12dam 2012/04/10 14P24™m46.20°  +46°13/48.3” 0.107 SLSN 320
LSQi12dlf 2012/07/10 01h50™m29.8% -21°48'45" 0.250 SLSN 440
PTF10hgi 2010/05/15 16237473 +06°12/32.3”  0.099 SLSN 330
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Table 4.2: List of observations in a chronological order for each source. From left to
right: Source name, the dates and starting times for each observation (in UTC and
MJD), observation duration, and the frequency range of the observation.

Source name UT Date  UTC MJD Dur. |min| Frequency [GHz]
GRB050826 20170630 11:18:41 57934.47131 58 5.3-9.3
GRB050826 20171128 22:21:04 58085.93130 147 5.3-9.3
GRB050826 20180330 16:31:30 58207.68854 120 5.3-9.3
GRB050826 20181023 00:46:50 58414.03252 60 4.6-5.1
GRB050826 20181023 04:08:30 58414.17257 60 4.6-5.1
GRB051109B 20171128 16:03:34 58085.66194 120 5.3-9.3
GRBO051109B 20180330 09:23:50 58207.39155 90 5.3-9.3
GRB051109B 20181022 17:00:20 58413.70856 60 4.6-5.1
GRB111225A 20171128 18:12:54 58085.75896 120 5.3-9.3
GRB111225A 20180330 11:06:51 58207.46309 46 5.3-9.3
GRBI111225A 20180330 18:35:50 58207.77488 51 5.3-9.3
GRB111225A 20181022 18:12:00 58413.75833 60 5.3-9.3
PTF09cnd 20170630 13:21:01 57934.55626 48 5.3-9.3
PTF09cnd 20180330 05:11:30 58207.21632 120 5.3-9.3
PTF09cnd 20181022 22:37:30 58413.94271 60 4.6-5.1
PTF10uhf 20170630 15:17:01 57934.63682 95 5.3-9.3
PTF10uhf 20180330 07:17:50 58207.30405 120 5.3-9.3
PTF10uhf 20181022 21:36:40 58413.90046 60 4.6-5.1
PTF10bjp 20170630 12:27:31 57934.51911 48 5.3-9.3
PTF10bjp 20171129 01:26:14 58086.05988 120 5.3-9.3
PTF10bjp 20180330 01:01:20 58207.04259 120 5.3-9.3
PTF10bjp 20180330 14:08:10 58207.58900 18 5.3-9.3
PTF10bjp 20181022 19:31:50 58413.81377 60 4.6-5.1
SN2010gx 20171129 04:41:44 58086.19565 14 5.3-9.3
SN2010gx 20180329 22:57:00 58206.95625 120 5.3-9.3
PTF12dam 20170630 14:23:11 57934.59943 50 5.3-9.3
PTF12dam 20171129 03:38:04 58086.15144 60 5.3-9.3
PTF12dam 20180330 03:09:40 58207.13171 120 5.3-9.3
PTF12dam 20181022 20:35:00 58413.85764 60 4.6-5.1
LSQ12dlf 20171128 20:17:54 58085.84576 120 5.3-9.3
LsQ12dlf 20180330 12:01:00 58207.50069 120 5.3-9.3
LSQ12dlf 20181022 23:43:40 58413.98866 60 4.6-5.1
PTF10hgi 20190205 18:48:31 58519.78369 42 0.7-4
PTF10hgi 20190210 02:24:52  58524.10060 155 4-8
PTF10hgi 20190220 20:15:55 58534.84439 44 0.7-4
PTF10hgi 20190308 01:14:42 58550.05187 160 4-8
PTF10hgi 20190323  23:54:29  58565.99618 216 1.222-1.452
PTF10hgi 20190324  22:54:32  58566.95454 236 1.222-1.452
PTF10hgi 20190325 23:18:01 58567.97085 90 1.222-1.452
PTF10hgi 20190326  23:11:26  58568.96627 236 1.222-1.452

PTF10hgi 20190830 05:05:15  58725.21198 95 0.7-4
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Distributed Aquisition and Data Analysis (DADA) formatS, from which Stokes [ is
extracted.

During the observaion on 22nd October 2018, a problem occurred with the S45mm
receiver, resulting in poor attenuation levels making the receiver temporarily inopera-
ble, and the use of a different receiver was needed. The S60mm receiver on Effelsberg
was used instead, with 500 MHz of bandwidth at 4.6-5.1 GHz, 82 us sampling rate,
512 channels with 0.976562 MHz bandwidth, and an SEFD of 18 Jy. The data are
recorded as sub-banded SIGPROCT filterbanks, which are a stream of n-bit numbers
corresponding to multiple polarization and/or frequency channels over time, and are
concatenated before processing.

4.3.2 PAF receiver

The Effelsberg PAF (Deng et al., 2018) is a dense array of antenna elements installed
at the telescope’s primary focus, adapted from the models used by ASKAP (Hay &
O’Sullivan, 2008; Johnston et al., 2008). Its 188 elements form a checkerboard shape
over a 1.2 m diameter circle and the output of these elements are combined to form
beams, controlled by varying the element weights.

In its current state, the Effelsberg PAF can produce 22 beams, with 230 MHz
of bandwidth centered at 1337 MHz, and an SEFD of 34 Jy. Currently the data are
recorded and stored on disk as total intensity DADA files with 512 channels of 0.449074
MHz bandwidth each, and a 216 ps sampling time. The data can also be recorded as
baseband data. This will be used in future surveys for real-time processing, where we
will use the raw voltage data captured from a ring buffer to create full Stokes files with
significantly higher frequency and time resolutions than our standard filterbanks.

4.3.3 UWL receiver

The UWL receiver (Dunning et al., 2015) is a wideband receiver at the Parkes telescope
with an SEFD of 25 Jy. It has a bandwidth of 3.3 GHz, ranging from 0.7 to 4 GHz. The
data were recorded in two different modes with the MEDUSA backend: full Stokes, with
a sampling time of 1024 ps and a channel bandwdith of 2 MHz across 1664 channels for
the first observation; and Stokes I, with a sampling time of 256 us and 0.5 MHz channel
bandwidth across 6656 channels for the latter two observations. The 256 us data were
downsampled by a factor of four for consistency and to reduce computation time during
analysis. The data are in a Pulsar Flexible Image Transport System (PSRFITS) format
(Hotan et al., 2004).

4.3.4 Data processing

All data products are initially converted to SIGPROC filterbank format before being
processed. For the S45mm, S60mm, and UWL data, the PRESTO® (Ransom, 2011)

Shttp://psrdada.sourceforge.net
"http://sigproc.sourceforge.net
8github. com/scottransom/presto
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software package was used for single pulse searching. We used PREST0’s rfifind to
identify radio frequency interference (RFI) in the data and create an RFI mask to apply
to the data. The data were dedispersed from 0-2000 pc cm™ in steps of 2 pc cm™3
for the S45mm and S60mm data, and in steps of 1 pc cm™2 for the UWL data, and
subsequently searched for single pulses using PREST0’s single_pulse_search.py with
a S/N threshold of 7.

PRESTO searches for single pulses by dedispersing the data and convolving the dedis-
persed time series with boxcar filters of varying widths to optimise the S/N. PRESTO
uses a pre-determined list of boxcar widths to use, so by setting a maximum candidate
width, PRESTO will search using boxcars up to that width. We search up to the nearest
boxcar width of 20 ms, which is 19.6 ms. We set this limit as FRBs tend not to have
widths greater than a few ms at our observed frequencies, and 20 ms is roughly the
DM sweep in the S45mm band for the lower limit of the estimated DMs of our targets.

We also compute the spectral modulation index of the candidates, which evaluates
the fractional variation of a candidate across its spectrum and distinguishes narrowband
RFT from broadband signals (Spitler et al., 2012). The candidate’s modulation index,
my, is calculated as the normalized standard deviation of intensity across frequency,
and must be below the modulation index threshold,

VN,

M threshold = S/ (4.2)
where N, is the number of frequency channels, and (S/N)pi, is the signal to noise
threshold applied to the data. The candidates were then plotted and analysed by eye
with a DM over time plot with marker sizes increasing with S/N. Promising candidates
were further inspected using PREST0’s waterfaller.py plotting tool, which shows the
the candidate’s dynamic spectrum and can be downsampled and subbanded at will.

For the PAF data, the GPU based single pulse search software HEIMDALL? was
used. This was done to handle the vast amount of multibeam data taken, and to ex-
ploit HEIMDALL’s coincidencing capabilities. HEIMDALL’s single pulse searching uses the
same convolution method as PRESTO, but achieves much greater processing speeds by
utilising GPUs rather than CPUs. For the Effelsberg PAF, every frequency channel
is calibrated independently, and channels affected by RFI stronger than the calibra-
tion source have undefined pointing positions, resulting in so-called badly beamformed
channels. A considerable portion of the channels in the PAF data needed to be zapped
during the processing due to both badly beamformed channels, and channels persis-
tently contaminated with RFI. These channels amounted to 8 MHz, or 39% of the
PAF band, and were flagged to be ignored by HEIMDALL. The data were dedispersed
from 0-2000 pc cm™3. The DM steps in HEIMDALL are determined by the pulse broad-
ening induced by the size of the DM step, so each DM trial is a function of the previous
DM value and the data parameters (Levin, 2012). An initial detection threshold of
S/N = 7 was applied. HEIMDALL groups candidates which are close in DM and time,
and the group’s candidate with the highest S/N is the candidate given by HEIMDALL.

9sourceforge.net/projects/heimdall-astro
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This multi-beam data needed to be coincidenced in order to identify false candidates
appearing across many beams simultaneously, so the single pulse candidates were ran
through HEIMDALL’s coincidencer. The candidates were then sifted further in or-
der to reduce the large number of false positives with low DMs and large widths: an
increased S/N threshold of 8, a low DM threshold of 20 pc cm™3, and a maximum
candidate width of 28 ms were applied. In addition, candidates detected in mulitple
beams go through further sifting. By taking the beam with the strongest S/N as the
reference point, the other beam detections need to occur within the adjacent beams
for the candidate to pass the sifting. The remaining candidates were then run through

110 which plots dedispersed time series, dynamic spectrum, and a

our own plotting too
dedispersed dynamic spectrum. The dynamic spectra can also be downsampled and
subbanded by factors of our choosing. These plots were then inspected by eye.

We are aware of potential difficulties due to the DM sweep across the 4-8 GHz
band. For a DM of 500 pc cm™ the sweep is 50 ms, so a narrowband signal might
be difficult to distinguish from zero-DM RFI. At the start of each observation we do
however observe the pulsar B0355+54, which has a DM of 57 pc cm ™3, and are able to

detect its single pulses.

4.4 Results & Analysis

From the 63 hours of observational data, we have not detected any single pulses from
any of the sources observed above our fluence limits of 0.04 (wys/ ms)'/? Jy ms for the
S45mm receiver, 0.53 (wms/ ms)/? Jy ms for the PAF receiver, and 0.07 (wyys/ ms)/?
Jy ms for the UWL receiver, for burst widths of wys ms.

Assuming Poissonian statistics, we can estimate the upper-limit to the rate of bursts
emitted above our detection threshold on a source-by-source basis (Gehrels, 1986, Table
1). We also estimate the burst rate of an FRB121102-like source from each of the
SLSNe/LGRBs observed. The C-band results from the observed SLSNe/LGRBs and
the PTF10hgi results with the PAF and UWL receivers are shown in their respective
following subsections.

To estimate the rate of an FRB121102-like source at different locations we make
use of a brightness distribution power-law,

nen (£ ws

where R and E are the rate and energy, respectively, Ry and FEy are values for a
reference source, and 7y is the FRB brightness distribution power-law index. Here we use
v = —0.9140.17 as estimated by James (2019) independently of instrumental sensitivity
by combining the multi-telescope observing campaign of FRB121102 (1.4 and 3 GHz,
Law et al., 2017) and the GBT BL observations (6 GHz, Gajjar et al., 2018). An index
of v = —1.8 £ 0.3 was obtained by Gourdji et al. (2019) from 41 FRB121102 bursts at
1.4 GHz using Arecibo. These values of « are inconsistent with each other, potentially

10github.com/ghenning/PAFcode
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due to Arecibo’s survey probing unprecedentedly low burst energies of FRB121102, or
its high sensitivity (Gourdji et al., 2019). We choose v = —0.91 + 0.17 because the
sensitivity of Effelsberg is closer to GTB and VLA than Arecibo, and this value is
partially derived from detections in C-band.
The rate calculation also requires a relation between fluence and energy of a tran-
sient, considered specifically for the case of FRBs as Macquart & Ekers (2018)
(1 + z)2+a E

Fv)= 4.4
(V) AVFRB 4’/TD%’ ( )

where Avprp is the intrinsic bandwidth of an FRB, z is the source’s redshift, « is the
spectral index, F is the total energy of a burst, and Dy, is the luminosity distance to
the bursting source. The spectral index for FRBs is not well constrained, and given
the absence of information we assume a flat spectrum with a = 0 negating the need
for a k-correction. James (2019) argues that Eq. 4.4 applies for bursts more broad-
band than the observing bandwidth. Bursts from FRB121102 have smaller fractional
bandwidth (Hessels et al., 2019, Fig. 1), so Eq. 4.4 can be written as the observed
fluence averaged across the observing band, Av, (James, 2019, Eq. 8)
(1+2) E
F= Tm (4.5)
We can then estimate the rate of bursts from FRB121102-like sources located at
different luminosity distances/redshifts, for surveys with different sensitivities by com-
bining eqgs. 4.3 and 4.5:

F\? (1 T DL\ [ AvY?
R=Ry(— Rkl L “) (4.6)
F() 1+=2 DL70 AI/()
with the subscripts of 0 being the values for FRB121102, and Fy being the fluence
limit.

4.4.1 C-band observations of SLSNe/LGRBs

The 95% confidence level (CL) upper-limit to the burst rates we obtain from our ob-
servations, assuming Poissonian statistics, are in the range of 0.4-1.4 bursts/hr and are
shown in Table 4.3 and Fig. 4.1.

Observing campaigns of FRB121102 at high frequencies have reported various aver-
age burst rates. Gajjar et al. (2018) reported 21 detections in a single 6 hr observation
at the Green Bank Telescope (GBT) using the 4-8 GHz Breakthrough Listen (BL)
Digital Backend. Spitler et al. (2018) have three detections in 22 hrs with the 4.6-5.1
GHz, S60mm receiver at Effelsberg in an observing campaign spanning 4 months.

We also have obtained a rate of 0.01270:9%7 bursts/hr (1o error)'! from an ongoing
campaign using the 4-8 GHz, S45mm receiver at Effelsberg (Hilmarsson et al., 2020a).
In that campaign, which yields a single detection from 86 hrs of observations spanning

11 All uncertainties in burst rates reported here are 1o errors.
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two years, FRB121102 is observed for 2-3 hours at a time with a roughly two week
cadence (with gaps due to telescope/receiver maintenance). This rate is more robust
than previously reported rates in the sense that it is a long-term average consisting
of multiple observations, and does not depend on a single bursting phase. It is also
obtained using the same observational setup as in this work.

Using the burst rate of FRB121102 from Hilmarsson et al. (2020a) of 0.012700%7
bursts/hr, we estimate the burst rate of an FRB121102-like source located at each of
the SLSNe/LGRBs observed. Since we are working with the same observational setup
and identical bursts at different locations, we can simplify Eq. 4.6 by setting (F/Fy)?

and (Av/Avy)7 to 1:
1+2\" [/ Dp 27
R=R . 4.7
0<1+Z> (DL,0> o

The hypothetical rate of an FRB121102-like source located at our sources of interest
can be found in Table 4.3, and is shown in Fig. 4.1. There we have also estimated
the number of bursts we would have expected to see from an FRB121102-like source

during our observations, as well as how long we need to observe each source without a
detection in order to constrain our estimated rates, i.e. the observation time required
for the upper limit to the rate to reach the scaled rate.

The scaled rates from FRB121102 are influenced by the difference in luminosity
distance between FRB121102 and the SLSNe/LGRBs, yet they do fall within the 1o
range of FRB121102’s rate at C-band. This also implies that the time needed to
constrain the scaled rates reaches impractical observation times for most of the sources
(upwards of 300 hours). However, three of our sources, GRB051109B, PTF12dam, and
PTF10hgi, have luminosity distances less than FRB121102, and therefore have a higher
scaled rate than FRB121102. Since no bursts were detected in this work, constraining
the scaled rates of these three sources is quite a feasible task for further surveys.

4.4.2 PAF & UWL observations of PTF10hgi

We repeat the analysis from the previous section for the 13 hrs of PTF10hgi data taken
with the PAF and the 2.3 hrs taken with the UWL. In order to do so, we use the rate
from a recent FRB121102 survey (28 bursts in 116 hrs) performed at L-band using the
P217mm 7-beam (SEFD = 17 Jy) receiver at the Effeslberg telescope. The average
burst rate is 0.24709% bursts/hr above a fluence of 0.14 (wys/ ms)*/? Jy ms (Cruces
et al., 2020).

This rate must to be scaled to the PAF and UWL receivers, which we do using Eq.
4.6. For the factor of (F//Fy)” we use the radiometer equation (Dicke, 1946)

_ SEFD S/N

/npAv

where SEFD is the system equivalent flux density, S/N is the signal to noise, n, is the
number of polarizations, Av is the receiver bandwidth, and w is the burst width. The

F J, (4.8)



Table 4.3: Results from the burst rate analysis of the observed sources. From left to right: The observing band, source name,
total observing time (Tops.), 95% confidence (CL) upper rate limit (Ryr,), luminosity distance (Dp), the scaled burst rate from an
FRB121102-like source (RprBi21102), the expected number of bursts from our observations based on the scaled rates (Nexp.), and
the observing time required to constrain the scaled rate (Tconstr.; i-e. the time needed for the 95% CL upper rate limit to reach the
scaled rate). The luminosity distance and burst rate of FRB121102 are added for reference. Top: S45mm receiver results. Center:
PAF receiver results. Bottom: Parkes UWL results.

Obs. band [GHz]  Source name  Typs [hr] Ry [hr™'] Dp [Mpc] Rrrpiziio2 [hr™!]  Nexp  Teonstr [hr]

FRB121102 - - 950 0.01219-927 - -

GRB050826 7.4 0.41 1550 0.01 0.04 582

GRB051109B 4.5 0.67 370 0.06 0.27 50

CRBI111225A 46 0.65 1550 0.01 0.02 582

PTF09cnd 3.8 0.79 1320 0.01 0.03 447

4-8 PTF10uhf 3.9 0.77 1500 0.01 0.02 550

PTF10bjp 6.1 0.49 1930 0.01 0.02 831

SN2010gx 2.2 1.4 1150 0.01 0.02 358

PTF12dam 4.8 0.62 500 0.03 0.17 85

LSQ12dif 5 0.60 1270 0.01 0.04 420

PTF10hgi 5.3 0.57 460 0.04 0.21 73

L9 14 FRB121102 - - 950 0.1170:03 - -
o PTF10hgi  13.0 0.412 460 0.4101 5 147
0740 FRB121102 - - 950 0.627033 - -
T PTF10hgi 2.3 2.26° 460 2.2105 5 32

299.5% CL upper-limit.
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Figure 4.1: Scaled burst event rates of the observed sources at C-band. Gray bar: 1o
burst event rate range of FRB121102 at C-band. Black dots: Scaled burst event rate
of an FRB121102-like source located at our SLSNe/LGRBs targets. Red arrows: 95%

CL upper limit rates based on the non-detection of our observations.

rate conversion from Eq. 4.6 then becomes

SEFD \" ( Av\"?* (1 "/ DL \*
R=Ro v Rl L) (4.9)
SEFDg Ay 142 DL70
where the last two bracketed terms are equal to 1 when converting rates for the

same source. The FRB121102 burst rate scaled to the PAF and UWL receivers is
0.1170:03 bursts/hr above 0.53 (wys/ ms)'/2 Jy ms, and 0.627033 bursts/hr above 0.07

(wys/ ms)/? Jy ms respectively. Note that we are scaling burst energies to different
observing bandwidths, so under the assumption that R(E) does not depend on the
central frequency of the observing bandwidth we add an additional term of (Av/Awy)
to Eq. 4.9 when scaling from the P217mm receiver to the PAF and UWL receivers.

The resulting rate, obtained by using Eq. 4.9, for an FRB121102-like source located
at PTF10hgi is 0.4701 bursts/hr for the PAF receiver, and 2.2702 bursts/hr for the
UWL receiver. From the 13 hour observations with the PAF, we would have expected
to detect 4-7 bursts on average by assuming this rate. We exclude this rate at the
99% confidence level for such a source inhabiting PTF10hgi. Likewise, for the 2.3 hour
observations with the UWL receiver we would have expected 4-6 bursts on average,
and exclude this rate at the 99% confidence level. The results are shown in the bottom
section of Table 4.3 and in Fig. 4.2.

The fact that we do not detect any bursts and rule out the rate of an FRB121102-
like source with a Poissonian distributed bursting activity inhabiting PTF10hgi can
be interpreted in various ways: i) The most straightforward reason is that PTF10hgi
simply does not contain a repeating FRB source, or at the very least not a source as
active as FRB121102, as FRB121102 might be an abnormally active bursting source
(e.g. Palaniswamy et al., 2018). ) The assumption that FRBs are related to young
magnetars within SNRs might not be correct. i) The FRB121102-like source may
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Figure 4.2: Scaled burst event rates of PTF10hgi for different receivers. Gray bars: 1o
burst event rate range of FRB121102 at receiver. Black dots: Scaled burst event rate
of an FRB121102-like source located at PTF10hgi. Red/Green arrows: 95/99.5% CL
upper limits to the rates.

have been observed during a quiescent state, so no bursts were emitted during our
observations. If this were the case, it would directly imply that the bursting activity of
the source is non-Poissonian. iv) PTF10hgi’s age was roughly nine years at the time of
the observations, so the SNR could be at the threshold of being optically thin at 1.4 GHz
(Metzger et al., 2017). The SNR could simply still be opaque at 1.4 GHz, meaning
that we cannot observe emitted bursts at that frequency, given that the emission has
to travel through the SNR. v) The emission might be beamed and the bursts were not
beamed towards us at the time of observing, so we were unable to detect bursts from
the source.

4.4.3 Beaming fraction

Emission mechanisms that generate luminous radio emissions are generally beamed, so
a beaming fraction for our model should be taken into consideration. The beaming
fraction, f, is the fraction of the celestial sky covered by the radio beam, and in the
case of rotation it is how much is covered during a single rotation.

The coherent emission process by a single unit (particle or bunch of particles) has
a beaming opening angle of 1/,, where 7, is the Lorentz factor of the unit. Cordes
& Chatterjee (2019) discuss three possibilities of FRB beaming geometries. First is a
relativistic jet comprised of emission from multiple incoherent units, and whose beaming
is thus much greater than from the coherent emission of a single unit. Second is a
relativistic jet rotating around an axis, where the beam sweeps out an annulus shaped
area during each revolution, similar to pulsars. Third is quasi-isotropic emission from
a spherical shell.

Within the magnetar model framework, two distinct locations of emission have been
discussed in the literature: a synchrotron maser mechanism from relativistic shocks in
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the material surrounding the magnetar (Lyubarsky, 2014; Beloborodov, 2017), and
pulsar-like emission in the magnetosphere (Kumar et al., 2017; Yang & Zhang, 2018).
Metzger et al. (2019) model a synchrotron maser in a baryon-loaded shell that can
produce bursts over the full area of the SNR, relating to the aforementioned third
beaming gemoetry. The geometric probability of having a burst pointed towards an
observer is therefore 1. Similarly, Beloborodov (2019) proposes that FRBs are produced
in an electron-positron plasma in the helical-B winds of a rotating magnetar, where the
geometric probability is on the order of 7t steradians over the celestial sphere. The lower
limit to the beaming fraction of a burst is 1/ ’yf) for a single emitting unit. If multiple
units are emitting, then the beaming fraction of a single FRB follows the first beaming
scenario previously described. The probability of a burst being directed towards an
observer depends on the rate of burst generation and the beaming of each burst, but
the details are beyond the scope of this paper.

However, we can estimate beaming fractions relating to the second, pulsar-like
beaming geometry using the Crab pulsar, which has been used to model extragalactic
FRBs (Cordes & Wasserman, 2016). We estimate the beaming fraction of the pulsar-
like emission as a function of the opening angle of the emission beam, p, and the angle
between the rotation and magnetic axes, o (Tauris & Manchester, 1998, Eq. 7). For
the Crab, o« is estimated to be between 45 and 70 degrees (Lyne et al., 2013), and p
can be calculated from the pulsar’s period (Everett & Weisberg, 2001, Eq. 7). The
period of the Crab is 33.3 ms'? (Manchester et al., 2005), resulting in p = 20°. Thus
the beaming fraction of the Crab is between 0.5-0.7.

Assuming a fiducial beaming fraction value of 0.6, there is a 99.99% probability
that at least one of our sources is beamed towards us and an 83.4% probability of at
least half being beamed towards us. We also plot the probability that half or more of
targeted sources are beamed towards us, P(>50%), as a function of various number of
sources, IV, and beaming fractions in Fig. 4.3. From this figure we see that P(>50%)
consistently reaches above 70% for f > 0.6 and N > 10.

4.4.4 Poisson & Weibull distributions

Repeating bursts from FRB121102 have hitherto been treated as if they follow the
Poissonian process, which describes discrete, stochastically occurring events with a
known average time between them. A Poisson distribution describes the probability
to observe a number of events following the Poisson process for an certain time period
(e.g. an observation).

FRB121102 does not appear to follow this process. FRB121102 goes through phases
of quiescence and activity (Spitler et al., 2016; Law et al., 2017), i.e. observed bursts
appear clustered together. A better way to describe bursts from FRB121102 might be
with a Weibull distribution, which has a more complex parametrization than a Poisso-
nian distrubution. A Weibull distribution has a shape parameter, k, which describes
the degree of clustering; a rate parameter r; and is written as Oppermann et al. (2018,

12atnf.csiro.au/research/pulsar/psrcat/
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Figure 4.3: Probability that at least half of a list of observed sources would be beamed
towards us (P> 50%) as a function of number of targets and beaming fraction.

Eq. 2):
WS | k,r) = k6L [5rD(1 + 1/k)]7 e~ BrTa+1/m1" (4.10)

where 0 are the intervals between subsequent bursts and I' is the gamma function.
For k = 1, the Weibull distribution becomes a Poissoinan distribution. If & < 1, a
clustering with small intervals between bursts is favoured, so if a burst is detected, and
observer is more likely to detect subsequent bursts on a short timescale afterwards.
Oppermann et al. (2018) performed an analysis on L-band observations of FRB121102
in order to estimate k and r. They find that the posterior mean values of the shape
parameter and rate are k = 0.34f8:8§ and r = 0.24J_r8:ég bursts/hr, respectively. They
also find that the Poissonian case of k = 1 is strongly disfavored. Cruces et al. (2020)
performed the same analysis on their aforementioned survey, and obtain a shape factor
of £k = 0.39f8:8§ and a rate of r = 0.27f8:8§ bursts/hr. These Weibull analysis rates
are consistent with the Poissonian rate of 0.2415-0¢ bursts/hr above 0.14 (wys/ ms)/?
Jy ms from Cruces et al. (2020).

We can estimate the probability of not detecting a burst from a source with Weibull-
distributed bursting activity for an observation of duration Ay as Oppermann et al.
(2018, Eq. 18):

L(1/k)T; (1/k, (AgpsrT (1 + 1/k))F)

PN =0]kr)= k(14 1/k) ’

(4.11)

where r is the bursting rate, I' is the gamma function, and I'; is the incomplete gamma
function. The likelihood for multiple observations can be obtained by multiplying the
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probabilities of each individual observation, given that the cadence of the observations
is greater than the spacing between bursts.

We can estimate this probability for our 13 hr PAF observations at L-band of
PTF10hgi (consisting of four separate observations of 1.5-4 hrs, see Table 4.2). We use
the values from Cruces et al. (2020) of k£ = 0.39 and r = 0.27 bursts/hr. First we need
to scale this rate from FRB121102 to PTF10hgi and from the P217mm receiver to the
PAF receiver using Eq. 4.9, resulting in a rate of r = 0.43 bursts/hr. The resulting
probability of not detecting a burst from these observations, assuming that PTF10hgi
contains an FRB121102-like source, is 14%.

We repeat this analysis for the UWL observations, which were three observations
of 42, 44, and 55 minutes, using the same shape factor and rate. The scaled rate of
PTF10hgi from the P217mm to the UWL receiver is 2.42 bursts/hr, and we obtain a
16% probability of not detecting a burst from these observations.

To perform the same calculations for the S45mm receiver observations, a burst event
analysis for C-band observations of FRB121102 is needed in order to estimate the shape
parameter k and rate r. This analysis is beyond the scope of this work, however we
plot the probability of detecting zero bursts as a function of the shape parameter and
rate. We illustrate two cases: the observations of PTF10hgi with the S45mm receiver
presented here, and a hypothetical survey of 24 3-hr sessions (i.e. the time required to
constrain the upper rate limit, see Table 4.3), shown in Fig. 4.4. There we see that
the probability of not detecting any bursts rapidly decreases with increasing k, and
that we can already exclude the L-band parameters from our observations. The lack
of bursts detected from FRB121102 at C-band, compared to L-band detections, might
lead one to believe that k& and r are frequency dependent, with both being lower at
higher frequencies. If we were to continue obsering PTF10hgi at C-band in the same
fashion until we have reached the time to constrain the Poisson rate, we could also
place constraints on k and r. This hypothetical survey of 72 hrs shows that there is 0%
chance of not detecting a burst for k£ > 0.2 and 7 > 0.03 burst /hr, and would constrain
the upper-limit of k£ to ~0.2 if no burst was detected.

4.5 Discussion & Conclusions

In this work we investigate the possibility of SLSNe/LGRBs hosting FRB121102-like
progenitors. We have observed 10 targets for 63 hours using the S45mm (5.3-9.3 GHz)
and PAF (1.2-1.5 GHz) receivers at Effelsberg and the UWL receiver (0.7-4 GHz) at
Parkes, but have found no bursts.

By assuming an FRB121102-like source is located at our observed targets, we have
estimated their scaled burst rates with respect to luminosity distance, redshift, and
telescope sensitivity. We have also calculated the upper limit rate for each source,
based on our non-detections. The rate upper limits do not constrain any of the scaled
rates at C-band, but the scaled rates for three of our sources, GRB051109B, PTF12dam,
and PTF10hgi, can be constrained with a reasonable amount of observing time.

PTF10hgi is a source of particular interest, as a persistent radio source which is
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Figure 4.4: Probability of detecting zero bursts, P(N = 0), for a Weibull distributed
bursting activity of a source as a function of shape parameter, k, and rate r. Left:
Probabilities from our two (5.3 hr in total) observations of PTF10hgi at C-band. Right:
Probabilities from a hypothetical 72 hour observing campaign (24 x 3 hrs).

coincident with the SLSN was recently detected. This system could be analogous
to FRB121102, and detecting an FRB originating from it could be instrumental in
deciphering the enigmatic nature of these bursts. We have therefore spent 5.3 hrs
observing PTF10hgi at 6 GHz with the S45mm receiver, 13 hrs at 1.4 GHz during the
commissioning of the PAF receiver at Effelsberg, and 2.3 hrs at 2.4 GHz with the UWL
receiver at Parkes. We did not detect any bursts from those observations, and rule out
at the 99% CL the scaled PAF and UWL rates at L-band of an FRB121102-like source
inhabiting PTF10hgi. There are several possibilities for why we have not detected
any bursts: i) PTF10hgi does not contain an FRB121102-like source, i7) FRBs might
not be related to young magnetars within SNRs, ii7) the source was observed during
a quiescent state, iv) PTF10hgi’s SNR might still be opaque at L-band, v) or bursts
from the source are simply not beamed towards us,

When we adopt a beaming fraction of 0.6 for our sources we show there is 99.99%
chance that at least one of our hypothetical targets would be beamed towards us, and
an 83.4% probability that at least five of them are beamed towards us. From Fig. 4.3
we note that for beaming fractions larger than 0.6, at least half of the sources will
consistently have a high probability of being beamed towards us.

The clustering of bursts from FRB121102 could be better explained with a Weibull
rather than a Poissonian distribution (Oppermann et al., 2018). Using a shape factor
of k = 0.39 and a scaled rate of 0.43 bursts/hr for a Weibull distribution (Cruces
et al., 2020) we estimate a 14% probability of not detecting a burst from our PAF
receiver observations of PTF10hgi, assuming it contains an FRB121102-like source. By
using the same shape factor and a rate of 2.42 bursts/hr for our UWL observations we
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estimate a 16% probability of not detecting a burst. We do not have an estimate of
the shape factor at C-band, however we plot the probability of not detecting a burst
as a function of k£ and r for our S45mm receiver observations of PTF10hgi in Fig. 4.4,
and show that the L-band rate and shape factor are already excluded.

We have several recommendations for future surveys which may follow up this
work. By assuming that SLSNe/LGRBs contain FRB121102-like sources, we must
expect that they also have clustering of emission, along with periods of dormancy. We
should also assume that the bursts are beamed to some degree. Therefore we suggest
that observing multiple sources for short periods of time on a regular basis would be
ideal. The advantage of observing a source which has clustered burst phases across
multiple short observations rather than a few (or one) long observations is shown in
Fig. 4.5. There we plot the probability of detecting zero bursts for a survey totaling 73
hrs across different number of observations as a function of burst rate for a source with
different shape factors. As we move further away from the Poissonian case of k =1, it
becomes increasingly important to split a survey into multiple observations in order to
maximize the probability of detecting a burst. Since the rate scaling is dependent on
distance, choosing sources closer than FRB121102 is advised. Finally, SLSNe/LGRBs
with coincident persistent radio sources, like PTF10hgi, should be the primary sources
to observe for future surveys of this kind; they should preferably be observed at higher
frequencies, as we cannot be certain that the SNR is transparent at L-band. The UWL
might be the ideal instrument for following up on this work for two reasons: i) The
SNR of the targets observed here are most likely transparent in at least the upper part
of UWL’s band, making the optically thick-thin transition potentially observable with
a single receiver. i) The scaled FRB121102 UWL rates are higher than the ones for
the S45mm receiver. This implies that the time needed to constrain the 95% CL upper
rate limits of the targets observed in this work with the UWL is much less than for the
S45mm receiver. We show in Table 4.4 that these times range between 1-16 hrs.

Recent localisations of FRBs (Bannister et al., 2019; Ravi et al., 2019; Prochaska
et al., 2019; Marcote et al., 2020) have revealed host galaxies differing from FRB121102,
with them being lenticular or spiral in shape, and more massive. The localisation of
FRB180916.J1058+65 (Marcote et al., 2020) is of particular interest, as it is the only
other localised repeating FRB. The host of FRB180916.J1058+65 is a spiral galaxy and
is both more massive and has higher metallicity than the host of FRB121102, rendering
it different to hosts of SLSNe/LGRBs as well. This bursting source also has no persis-
tent radio counterpart, and the burst absolute RM value is roughly 100 rad m~2,
three orders of magnitude lower than FRB121102. The two bursting sources are
however both localised within star forming regions of their respective host galaxies.
FRB180916.J1058+65 still fits within the framework of a magnetar embedded in an
SNR if the system is a few hundred years old (Marcote et al., 2020). By then the
persistent radio source would have faded and the RM decreased to the observed value.
This begs the question whether or not the host galaxy of FRB121102 is a typical host of
repeating FRBs. Expanding future surveys like in this work to include galaxies similar
to hosts of other localised FRBs could be more fruitful.
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Figure 4.5: Probability of detecting zero bursts as a function of burst rate for hypo-

thetical 73 hr surveys spanning different numbers of observations (colours). Different

shape factors, k, are shown in each panel. As expected a single long observation has
the highest probability of detecting zero bursts from a Weibull distribution, with the

probability decreasing with number of observations.

Table 4.4: Burst rates of an FRB121102-like source located at the targets observed in
this work. From left to right: Source name, burst rate of an FRB121102-like source
scaled to the UWL receiver, and the observing time required to constrain those rates
at the 95% confidence level.

Source name

Rprpi21102 [hr™!]

Teonstr [hr]

GRB050826
GRB051109B
GRB111225A

PTF09cnd
PTF10uhf
PTF10bjp
SN2010gx

PTF12dam

LSQ12dlf
PTF10hgi

0.3
3.2
0.3
0.4
0.3
0.2
0.4
1.9
0.4
2.2

11
1
11
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CHAPTER b5

Rotation Measure Evoution of the
Repeating Fast Radio Burst Source
FRB 121102

This chapter is based on an article titled “ Rotation Measure Evolution of the Repeating
Fast Radio Burst Source FRB 121102”, which has been submitted for publication in the
Astrophyisical Journal Letters!. The manuscript remains unchanged, but is formatted
to fit the template of the thesis.

As the lead author of this publication, I have performed the Effelsberg observations,
reduced and searched the Effelsberg data, performed all the analysis, and written the
manuscript.

The full author list is G. H. Hilmarsson, D. Michilli, L. G. Spitler, R. S. Wharton,
P. Demorest, G. Desvignes, K. Gourdji, S. Hackstein, J. W. T. Hessels, K. Nimmo,
A. D. Seymour, M. Kramer, and R. McKinven.

5.1 Abstract

The repeating fast radio burst source FRB 121102 has been shown to have an excep-
tionally high and variable Faraday rotation measure (RM), which must be imparted
within its host galaxy and likely by or within its local environment. In the redshifted
(z = 0.193) source reference frame, the RM decreased from 1.46 x 10° rad m~? to
1.33 x 10° rad m~? between January and August 2017, showing day-timescale varia-
tions of ~ 200 rad m~2. Here we present sixteen FRB 121102 RMs from burst detections
with the Arecibo 305-m radio telescope, the Effelsberg 100-m, and the Karl G. Jansky
Very Large Array, providing a record of FRB 121102’s RM over a 2.5-year timespan.
Our observations show a decreasing trend in RM, although the trend is not linear,
dropping by an average of 15% year™! and is ~ 9.7 x 10? rad m~2 at the most recent
epoch of August 2019. Erratic, short-term RM variations of ~ 10% rad m~2 week ™!
were also observed between MJDs 58215-58247. A decades-old neutron star embedded
within a still-compact supernova remnant or a neutron star near a massive black hole
and its accretion torus have been proposed to explain the high RMs. We compare the
observed RMs to theoretical models describing the RM evolution for FRBs originating
within a supernova remnant. FRB 121102’s age is unknown, and we find that the
models agree for source ages of ~ 6 — 17 years at the time of the first available RM

!Pre-print available at arxiv.org/abs/2009.12135
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measurements in 2017. We also draw comparisons to the decreasing RM of the Galactic
center magnetar, PSR J1745-2900.

5.2 Introduction

Fast radio bursts (FRBs) are millisecond duration radio transients, whose origins are
still unknown (Petroff et al., 2019). Of the roughly 100 FRBs published so far? (Petroff
et al., 2016), around ten have been localised to a host galaxy (Chatterjee et al., 2017;
Bannister et al., 2019; Ravi et al., 2019; Prochaska et al., 2019; Marcote et al., 2020;
Macquart et al., 2020), confirming their extragalactic origins. Some FRBs have also
been observed to repeat; the first discovered, and most observed so far, is FRB 121102
(Spitler et al., 2016), and more repeating FRBs have been detected by the Canadian
Hydrogen Intensity Mapping Experiment (CHIME) radio telescope (CHIME /FRB Col-
laboration et al., 2019a,c; Fonseca et al., 2020b) and the Australian Square Kilometre
Array Pathfinder (ASKAP, e.g. Kumar et al., 2019).

Polarisation properties of FRBs can reveal the nature of their local environment,
as well as the FRB emission process and its geometry, thus adding constraints to
progenitor theories. The rotation of the linearly polarised plane of a signal induced
by the line of sight (LoS) magnetic field is called Faraday rotation. The rate of this
rotation across frequency is quantified by the rotation measure (RM), calculated as
the LoS integral of the product of the magnetic field strength and the electron density.
Polarisation fractions and RMs have been determined for 20 FRBs (Petroff et al., 2016).
Linear polarisation fractions ranging from ~ 0 to ~ 100% have been measured, and
the absolute RM values are in the range ~10-500 rad m~2, with the exception of
FRB 121102, which has an exceptionally high RM of ~10° rad m~2. FRB 121102’s
RM has also proven to be highly variable, with a decrease of ~ 10% between epochs
separated by seven months (Michilli et al., 2018a). To be able to observe such a high
RM, a narrow channel bandwidth or a high observing frequency are required in order
to avoid intra-channel depolarisation. Typical pulsar instrumentation have channel
bandwidths of ~ 1 MHz, so high frequency observations are required to observe high
RMs.

In the original discovery of FRB 121102, the dispersion measure (DM) was found
to be 557 £ 2 pc em~3 (Spitler et al., 2014a), where the DM is defined as the column
density of free electrons along the LoS. In more recent observations, FRB 121102 has
exhibited an increase in the measured DM, 560.6 4 0.1 pc cm ™ in Hessels et al. (2019)
and 563.6 + 0.5 pc cm ™2 in Josephy et al. (2019), revealing an average increase of
roughly 1 pc cm™3 per year.

Bursts from FRB 121102 have been detected at frequencies spanning from ~0.3—-8
GHz (Chawla et al., 2020b; Gajjar et al., 2018). The bursting activity of FRB 121102
does not seem to follow a Poissonian process, but rather goes through phases of burst-
ing activity and quiescence which can be better explained with a Weibull distribution
(Oppermann et al., 2018). This dichotomy in activity could also be explained by the

2:Erbcat.org
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recently discovered apparent periodicity of FRB 121102 of 161 days with an active
window of 54% (Rajwade et al., 2020b; Cruces et al., 2020), also detected in the re-
peating FRB 180916.J1058+65 with a period of 16 days and a 31% activity window
(Chime/Frb Collaboration et al., 2020).

FRB 121102 is the first repeating FRB to be unambiguously localised to a host
galaxy (Chatterjee et al., 2017), which is a low-metallicity dwarf galaxy at a redshift
of 2 = 0.193 (Tendulkar et al., 2017) with a stellar mass of M, ~ 1.3 x 108 My and
a star formation rate of 0.23 M per year (Bassa et al., 2017b). FRB 121102 is also
coincident with a compact persistent radio source whose projected offset is < 40 pc
(Marcote et al., 2017).

The properties of FRB 121102 and its persistent radio source have motivated a
number of FRB models. Among the leading scenarios, FRBs are generated by flar-
ing magnetars within supernova remnants (SNRs). Here, the magnetar flares collide
with the surrounding medium, producing shocks creating synchrotron maser emission,
resulting in FRB generation. The main difference between these models lies in the
nature of the shocked material, being dominated by either the magnetar wind nebula
(e.g. Lyubarsky, 2014), or by previous magnetar flares (e.g. Beloborodov, 2017, 2019;
Margalit & Metzger, 2018).

In this work we have observed FRB 121102 with the 305-m William E. Gordon Tele-
scope at the Arecibo Observatory (AO), the Effelsberg 100-m Radio Telescope, and the
Karl G. Jansky Very Large Array (VLA) to obtain RMs from its bursts in order to
investigate its long-term RM evolution. In §5.3 we describe our observations, data
acquisition and search analysis. In §5.4 we report sixteen new RM measurements of
FRB 121102, a long-term average FRB 121102 burst rate from our Effelsberg observa-
tions, and discuss the properties of the detected bursts. §5.5 is dedicated to comparing
our results to the theoretical prediction of the RM evolution of an SNR from the works
of Piro & Gaensler (2018) and Margalit & Metzger (2018), as well as the Galactic cen-
ter (GC) magnetar, PSR J1745-2900 (Desvignes et al., 2018), and in §5.6 we interpret
those results. Finally, in §5.7 we summarise our findings.

5.3 Observations

The telescopes used for observations were the Arecibo Observatory 305-m William E.
Gordon Telescope in Puerto Rico, USA; the Effelsberg 100-m Radio Telescope in Effels-
berg, Germany; and the Karl G. Jansky Very Large Array in New Mexico, USA. The
observational setup and data processing of each telescope is detailed in their respective
subsections below.

We anticipated extremely high RM values from FRB 121102 bursts, and have thus
observed at frequencies higher than the 1.4-GHz band in order to avoid intra-channel
depolarisation.
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5.3.1 Effelsberg

We have used the Effelsberg 100-m radio telescope to observe FRB 121102 at 4-8 GHz
using the S45mm receiver with a roughly two-week cadence for 2-3 hours each session
from late 2017 to early 2020, totaling 115 hours.

The data were recorded with full Stokes information using two ROACH2 backends
with each one capturing 2 GHz of the band. The channel bandwidth is 0.976562 MHz
across 4096 channels, with a 131 wus sampling rate. The recorded data were in a
Distributed Acquisition and Data Analysis (DADA) format3. Before processing, Stokes
I was extracted from the data into a SIGPROC filterbank? format in order to perform
the initial burst searching.

Observations on 22nd October 2018 encountered a receiver issue, forcing us to use
the S60 mm receiver instead. The S60 mm receiver has an SEFD of 18 Jy, 500 MHz of
bandwidth from 4.6 to 5.1 GHz, 0.976562 MHz channel bandwidth across 512 channels,
and an 82 us sampling rate. The data were recorded as SIGPROC filterbanks.

The data were searched for single pulses using the PRESTO software package (Ran-
som, 2011). We used rfifind to identify radio frequency interference (RFI) in the
data over two-second intervals and to make an RFI mask which was applied to the
data during searching. We used PRESTO to create dedispersed time-series of the data

3 in steps of 2 pc cm™3, which were searched for single pulses us-

from 0-1000 pc cm™
ing single_pulse_search.py to convolve the time-series with boxcar filters of varying
widths to optimise the signal-to-noise of a burst. A pre-determined list of boxcar widths
from PRESTO was used, where the widths are multiples of the data sampling time. We
searched for burst widths up to 19.6 ms and applied a signal-to-noise threshold of 7.
DM-time and frequency-time plots of candidates were visually inspected to search for

bursts.

For further RFI mitigation we calculated the modulation index of candidates. The
modulation index assesses a candidate’s fractional variations across the frequency chan-
nels in order to discriminate between narrowband RFI and an actual broadband signal
(Spitler et al., 2012). We applied this thresholding following Hilmarsson et al. (2020b).

If a burst was detected, we performed polarisation calibration in order to obtain
the RM, polarisation angle (PA), and degree of polarisation of the burst. We used
the psrfits_utils package® to create a psrfits’ file containing the burst and used
PSRCHIVE® (Hotan et al., 2004) to calibrate the data by first dedispersing the burst
data using pam, then pac to polarise calibrate that data with noise diode observations.
To get the RM value, we used RMsyn.py”, which fits a variation in Stokes @ and U as
a function of frequency.

3http://psrdada.sourceforge.net
‘http://sigproc.sourceforge.net

Sgithub.com/scottransom/presto
Sgithub.com/demorest/psrfits_utils
Tatnf.csiro.au/research/pulsar/psrfits_definition/Psrfits.html
8http://psrchive.sourceforge.net/
9github.com/gdesvignes/python-tools
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5.3.2 Arecibo

Data from the 305-m William E. Gordon Telescope at the Arecibo Observatory were ac-
quired by using the C-band receiver at an observing frequency between 4.1 and 4.9 GHz.
The PuertoRican Ultimate Pulsar Processing Instrument (PUPPI) backend recorded
dual-polarisation data every 10.24 us in 512 frequency channels, each coherently dedis-
persed to DM = 557 pcem ™ to reduce intra-channel dispersive smearing to < 2 ys.
The time and frequency resolution were reduced to 81.92 us and 12.5 MHz, respectively,
before searching for bursts. We used PRESTO to create 200 dedispersed time-series be-
tween 461 and 661 pccm ™3, which were searched by single_pulse_search.py with
box-car filters ranging from 81.92 us to 24.576 ms. A large fraction of detections due
to noise and RFI were excluded by using dedicated software'® (Michilli et al., 2018b).
A ‘waterfall’ plot of signal intensity as a function of time and frequency was produced
and visually inspected for the rest of the detections. The DSPSR package!! (van Straten
& Bailes, 2011) was used to create PSRCHIVE files containing the full resolution data
recorded by PUPPI.

For each observation, PSRCHIVE utilities were used to calibrate the burst polarisa-
tion by using a scan of a noise diode. RM values and their uncertainties were calculated
with the RM-tools package!? by using rotation measure synthesis (Burn, 1966; Bren-
tjens & de Bruyn, 2005) and a cleaning deconvolution algorithm (Heald, 2009). The
resulting Faraday dispersion function for bursts detected on MJDs 58222 and 58712
(bursts 8, 19 and 20) shows signs of a poor polarisation calibration, namely symmetric
peaks around the origin. We were not able to identify a cause for this and, while the
RM measurements are still valid, the resulting polarisation fraction should be consid-
ered not reliable. PA curves were calculated by de-rotating the data with PSRCHIVE at
the RM value obtained for each burst.

5.3.3 VLA

FRB 121102 was observed with the VLA as part of a monitoring project (VLA /17B-
283) from 2017 November to 2018 January. Ten 1-hr observations were conducted at
2-4 GHz using the phased-array pulsar mode. Data were recorded with full Stokes
information with 8096 x 0.25 MHz channels and 1024 us time samples. Each ob-
servation had &~ 30 min on-source. Data were dedispersed at 150 trial DMs from
400 — 700 pc cm™3 and the resulting time-series were searched for pulses using the
PRESTO single_pulse_search.py.

Polarisation calibration was done using the 10-Hz injected noise calibrator signal.
After polarisation calibration, the RMs were measured using the PSRCHIVE task rmfit
which finds the RM that maximizes the linear polarisation fraction of the burst.

Ohttp://ascl.net/1806.013 (Michilli & Hessels, 2018)
"http://dspsr.sourceforge.net/
2https://github. com/CIRADA-Tools/RM-Tools
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5.4 Observational Results

From our observations we have sixteen new RM measurements from FRB 121102 bursts:
1 from Effelsberg, 2 from the VLA, and 13 from Arecibo. The details of our detections,
along with previously reported RM values, are listed in Table 5.1. The previously re-
ported RM values from Arecibo (Michilli et al., 2018a) and the GBT (Gajjar et al.,
2018) listed in Table 5.1 are a global fit to multiple bursts from the same epoch. Each
burst is also assigned a numerical value for clarity. The burst DMs in Table 5.1 are
obtained through a linear interpolation of DMs from bursts detected at L-band with
Arecibo (Seymour et al., in prep). The L-band burst DMs are determined by max-
imising the structure of the bursts and their sub-components'3. That sample contains
more bursts and shows more complex burst structures than the bursts presented here,
resulting in more accurate and consistent DMs.

5.4.1 Long-term Burst Rate at C-band at Effelsberg

Previous surveys of FRB 121102 at frequencies between 4-8 GHz reported rates based
on fewer observed hours (Spitler et al., 2018) and anomalously high burst rates (Gajjar
et al., 2018). Spitler et al. (2018) detected three bursts from observing at 4.6-5.1 GHz
for 22 hours consisting of 10 observing epochs spanning five months using the Effelsberg
telescope. Gajjar et al. (2018) detected 21 bursts in a single six-hour observation,
observing at 4-8 GHz at the Green Bank Telescope. Furthermore, Zhang et al. (2018)
re-searched the data from Gajjar et al. (2018) using a convolutional neural network
and detected an additional 72 bursts within the data.

Our Effelsberg survey spans over two years of observing FRB 121102 for 2-6 hrs at
a time at 4-8 GHz with a two-week cadence, amounting to 115 hours of observations.
Included here are 10 hours of observations presented in Caleb et al. (2020). We can
therefore report a robust, long-term average burst rate of FRB 121102 in this frequency
range of 0.217012 bursts/day (1-sigma error) above a fluence of 0.04 (w/ms)'/? Jy ms

for a burst width of w ms. We list the details of the surveys discussed here in Table 5.2.

A caveat to our observed burst rate is the suspected periodic activity of FRB 121102
(Rajwade et al., 2020b). Roughly 40% of our Effelsberg observations were performed
during suspected inactivity of FRB 121102, which if true would affect the observed
burst rate. Including only observations while FRB 121102 is active, the average burst

rate becomes 0.357050 bursts/day above a fluence of 0.04 (w/ms)"/? Jy ms.

The observed burst rates of FRB 121102 also seem to be frequency dependent, with
the rate being lower at higher frequencies. At 1.4 GHz the FRB 121102 burst rate has
been observed to be 8 + 3 bursts/day above a fluence of 0.08 Jy ms for 1 ms burst
widths (Cruces et al., 2020).

3http://ascl.net/1910.004 (Seymour et al., 2019)
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Table 5.1: Burst detections of FRB 121102 with measured RMs in chronological order. From left to right: Burst number, barycentric
burst arrival time in MJD (referenced to infinite frequency), width (w, full-width at half-maximum), flux density (S), fluence (F'),
observed RM, DM, observing frequency, and telescope used. The burst DMs are obtained through linear interpolation of L-band
bursts detected at Arecibo, whose DMs are determined by maximising their burst and sub-component structure. Sub-bursts of

multi-component bursts are further labeled chronologically with lower-case letters. Previously reported bursts and bursts introduced
in this work are separated by a horizontal line. Abbreviations are AO: Arecibo Observatory, Eff: Effelsberg, GBT: Green Bank
Telescope, VLA: Very Large Array.

Burst MJD w S F RMobs DM Freq. Telescope
(ms) Jy) (Jyms) (radm™2) (pcem™®) (GHz)
1 57747.12956-57747.17597 102708 + 4 4.1-4.9 AQ *¢
2 57748.12564-57748.17570 102521 +4 4.1-4.9 AQ *¢
3 57772.12903030 103039 +4 4.1-4.9 AO*®
4 57991.58013-57991.58330 93573 £ 24 4-8 GBT ®P°
5 58069.31853200 4.49 £0.09 0.38 £0.06 1.69 86850 + 100 560.5 2-4 VLA
6a 1.65 £ 0.07 0.16 £0.02 0.26
6b 58075.20058018 1.95 +0.08 0.32+£0.05 0.63 86550 + 20 560.6 24 VLA
6¢ 3.62 £0.08 0.56 £+ 0.08 2.03
7 58215.86332798 0.34 £0.01 0.19+0.03 0.06 70844 + 50 561.5 4.1-4.9 AO
8a 0.59 £0.01 0.32+£0.05 0.19
sh 58222.85751812 0.34 4+ 0.04 0.05 4+ 0.01 0.02 72039 + 30 561.5 4.1-4.9 AO
9 58227.83201090 0.76 £ 0.04 0.08 £0.01 0.06 72038 + 70 561.6 4.1-4.9 AO
10 58228.63801964 0.69 £ 0.08 0.35 £ 0.05 0.24 72300 = 100 561.6 4-8 Eff
11 58234.81180934 0.39 £0.03 0.09 £ 0.01 0.04 73510 + 80 561.6 4.1-4.9 AO
12 58234.81642918 0.35 £0.01 0.20 £0.03 0.07 73360 £ 40 561.6 4.1-4.9 AO
13 58243.77965432 0.52 £0.01 1.8£0.3 0.96 71525+ 3 561.7 4.1-4.9 AO
14a 0.92 +0.03 0.13£0.02 0.12
Lb 58244.77641721 0.69 4+ 0.03 0.12 4+ 0.02 0.08 71160 % 30 561.7 4.1-4.9 AO
15 58247.81273381 0.54 £0.02 0.13 £0.02 0.07 68940 £ 70 561.7 4.1-4.9 AO
16 58677.60475978 0.30 £0.02 0.13£0.02 0.04 69380 + 40 563.3 4.1-4.9 AO
17 58684.58367814 0.47£0.03 0.09 £ 0.01 0.04 69520 + 60 563.2 4.1-4.9 AO
18 58684.58990897 0.25 £ 0.02 0.09£0.01 0.02 69410 £ 90 563.2 4.1-4.9 AO
19a 0.90 £0.03 0.27£0.04 0.24
19b 58712.47972031 0.207 + 0.001 19403 0.40 66950 £ 10 563.1 4.1-4.9 AO
20 58712.48531398 1.89 £ 0.09 0.06 £+ 0.01 0.11 67030 £ 90 563.1 4.1-4.9 AO

*Results presented in Michilli et al. (2018a).
PResults presented in Gajjar et al. (2018).

°Global fit to multiple bursts.
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Table 5.2: FRB 121102 surveys at frequencies between 4-8 GHz. From left to right:
Survey, number of bursts, number of hours observed, number of observing epochs,
frequency range, and telescope used. All surveys except Spitler et al. (2018) recorded
full Stokes data. Abbreviations are AO: Arecibo Observatory, Eff: Effelsberg, GBT:
Green Bank Telescope.

Survey No. bursts No. hours No. epochs Freq. (GHz) Telescope
Spitler et al. (2018) 3 22 10 4.6-5.1 Eff
Michilli et al. (2018a) 16 13 12 4.1-4.9 AO
Gajjar et al. (2018) 21 6 1 4-8 GBT
Zhang et al. (2018)* 93 6 1 4-8 GBT
This work 1 115 35 4-8 Eff

#Re-searching of data from Gajjar et al. (2018)

5.4.2 Burst Properties

We plot the dynamic spectra, polarisation profile, and polarisation angles (PAs) of our
detected bursts in Fig. 5.1. The PA is equal to RMA2 4 PA,¢, where ) is the observing
wavelength, and PA,e is a reference angle at a specific frequency (central observing
frequency in our case). The bursts are mostly ~ 100% linearly polarised, with no
circular polarisation detected. Bursts from FRB 121102 have been consistently ~ 100%
linearly polarised since its first polarisation measurement in late 2016 (Michilli et al.,
2018a), which suggests a stability in its emission process. The Arecibo bursts at MJD
58222, 58247, and 58712 (bursts 8, 15, 19, and 20) are not fully linearly polarised, which
is uncharacteristic for FRB 121102, and can be attributed to polarisation calibration
issues (see §5.3.2). The lack of circular polarisation indicates that no Faraday rotation
conversion occurs at our observing frequencies, where linear polarisation is converted to
circular in a magneto-ionic environment (Vedantham & Ravi, 2019; Gruzinov & Levin,
2019).

The PAs are flat across each burst, as has been seen previously from FRB 121102
(Michilli et al., 2018a; Gajjar et al., 2018). The flat PAs indicate the burst timescales
are intrinsic, and not from a beam sweeping the LoS of an observer. We do not discuss
PA changes over time, as we did not observe an absolute calibrator for polarisation. In
the absence of an absolute calibrator we cannot compare PAs across multiple telescopes.
This discussion is outside the scope this work.

The VLA burst on MJD 58075 (burst 6) exhibits a triple component profile. The
second and third components exhibit a downward drift in frequency, a feature pre-
dominantly observed from repeating FRBs (e.g. Hessels et al., 2019; The CHIME /FRB
Collaboration et al., 2020a). The first component has an apparent upward drift in
frequency, which is rarely seen, and a different PA than the two other components.
While the temporal spacing between the components is not large, the difference in PAs
between the first component and the other two might suggeest that these are in fact
two separate bursts.

The Effelsberg burst at MJD 58228 (burst 10) was only detected between 4-5.2 GHz
of the 4-8 GHz bandwidth. We were affected by strong edge effects in the bandpass,
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resulting in an uneven frequency response across the bandwidth. Thus we are uncertain
of whether the burst frequency envelope is inherent to the burst or due to the bandpass.

5.4.3 Dispersion and Rotation Measures of FRB 121102

The RMs we obtained from our bursts are listed in Table 5.1. We plot the RMs over
time in Fig. 5.2. The observed RM of FRB 121102 has dropped by 34% over 2.6 years
from ~ 10° rad m™2 to ~ 6.7 x 10* rad m~2. As Fig. 5.2 shows, the drop in RM
has not been steady over time. From MJD 57757 to MJD 58215 (bursts 1-7), the RM
decreased rapidly to ~ 7x 10 rad m~2 and has declined only slightly (~ 5000 rad m~2)
since then.

Within a 32-day timespan the observed RM of FRB 121102 exhibited significant
short-timescale variations (bursts 7-15). At epochs separated by a week, the RM
increased by ~ 1000 rad m~2 (bursts 7-8). For three epochs during the following
week, the RM remained stable between bursts 8-10, before increasing again by ~
1000 rad m~—? a week later (bursts 11-12). During three epochs in the following two
weeks, the RM was observed to drop rapidly by a total of ~ 4500 rad m~2 (bursts
12-15). This short-timescale behaviour can be seen in the inset of Fig 5.2. No RM
measurement is available between MJDs 58247 and 58677 (430 days), but the RMs
are consistent with each other at these dates (bursts 15-16). Another drop in RM of
~ 2000 rad m~2 can be seen between bursts 18 and 19, separated by 28 days.

Only minor changes in DM have been observed during the observed RM evolution
of FRB 121102. While the RM decreased significantly, the DM has increased by ~
4 pc em ™3, from 559.7 4 0.1 pc em ™3 (Michilli et al., 2018a) up to 563.3 pc cm ™3 from
the aforementioned linear interpolation of L-band burst DMs used in this work.

An increase in DM means an increase in the LoS electron density. There are many
contributing factors to the DM along the LoS, so a smaller fractional change in DM is
not surprising. The Faraday rotating medium contributes only a fraction of the total
DM and its amount is unknown. A decrease in RM implies either a decrease in the
magnetic field strength or the electron density along the LoS, or both. The opposing
RM and DM evolution thus has two possible scenarios: the changes in RM and DM
arise from different media; or the changes arise from the same medium, implying that
the LoS magnetic field strength must be decreasing.

Michilli et al. (2018a) constrained the average magnetic field along the LoS in the
region which Faraday rotation occurs, (Bj|), between 0.6 mG and 2.4 mG using their
measured FRB 121102 RM in the source frame of RMg. ~ 1.4 x 10° rad m~2 and the
estimated host DM contribution of DMy, 70 — 270 pc em ™2 (Tendulkar et al., 2017).
From a measured DM and RM, (B”) can be calculated, ignoring sign reversals, as

<B||> =1.23 RMsrc/DMhost ,LLG. (5,1)

The most recent DM and RM values in our sample yield (B)) = 0.4-1.6 mG. This is
a lower limit as the DM in the Faraday rotating region could be much lower.
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Figure 5.1: Dynamic spectra of the bursts detected with Arecibo, VLA, and Effelsberg
in a chronological order, dedispersed to their respective DMs listed in Table 5.1. On
top of each spectrum is plotted the profile of the burst (in black), linear polarisation
(red), and circular polarisation (blue), as well as the polarisation angle (PA). Each
panel is labeled with the corresponding burst number from Table 5.1 and the telescope
at which the burst was detected. Bursts 8, 15, 19, and 20 suffer from poor polarisation
calibration, resulting in unreliable polarisation fractions (see §5.3.2). Figure continued
on next page.
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Figure 5.1 continued.

5.5 Implications for source scenarios

We explore two models which estimate the RM evolution over time within an SNR.
First is a model from Piro & Gaensler (2018) which estimates both the RM and DM
evolution for three different scenarios: a supernova expanding into a constant density
ISM, a progenitor wind affecting the circumstellar medium, solely contributing to the
RM, and a supernova expanding into wind affected ISM. The second model is a one-
zone magnetar nebula expanding spherically at a constant radial velocity (Margalit &
Metzger, 2018).

Additionally, we consider an environment near a massive black hole by comparing
to the GC magnetar, PSR J1745-2900. The RM magnitude and trend of FRB 121102
seems to be analogous to PSR J1745-2900, which has undergone rapid changes in RM
in recent times (Desvignes et al., 2018).

Using Bayesian inference, we fit the RM evolution prediction from the aforemen-
tioned SNR models to the observed RM of FRB 121102. A Markov—chain Monte Carlo
(MCMC) method is used to estimate the posterior of the model parameters and the
age of the FRB 121102 bursting source, tage, at the time of its first RM measurement.
The models considered here predict that DM decreases over time, while the observed
DM is increasing. We therefore do not perform a similar analysis on the DM evolution.
To perform an MCMC we used the emcee'* Python package (Foreman-Mackey et al.,
2013). MCMC deploys random walkers around the initial estimates of the parameters,
where the walkers explore the parameter space in order to reconstruct the posterior
probability of the parameters.

To obtain an initial estimate for our parameters we used the scipy (Virtanen et al.,

Memcee.readthedocs. io
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Figure 5.2: RMs of FRB 121102 as a function of time in MJD. The left y—axis shows the
observed RM and the right y—axis shows the RM in the source frame of FRB 121102.
Different markers indicate at which telescope the burst was detected. The horizontal
dotted lines show the start of each calendar year. The inset gives a closer look at
the cluster of bursts around MJD ~ 58230 (when a high-cadence observing campaign
was performed). The observed rotation measure uncertainties are not large enough to
exceed the boundaries of the markers. Abbreviations are AO: Arecibo Observatory,
Eff: Effelsberg, GBT: Green Bank Telescope, VLA: Very Large Array. The points near
MJD 57800 and 58000 are data from Michilli et al. (2018a) and Gajjar et al. (2018)
respectively.
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2020) stochastic least squares module differential_evolution. An initial guess is
also required for differential_evolution, where we used the parameters of each
model variety in Piro & Gaensler (2018) and Margalit & Metzger (2018). For our
MCMC we randomly scattered 10 walkers around each parameter (up to 10% away),
where each walker was made to walk 1.5 x 103 steps. We used uninformative uniform
priors for all our model parameters.

The observed RMs can be affected by instrumental or other kinds of noise processes,
which are unaccounted for in the observed uncertainties. We introduced an error added
in quadrature, ¥, in order to account for underestimation of the uncertainties of the
observed RMs. X enters our Gaussian likelihood function as an underestimation of the
variance o (observed RM uncertainties in this case) as

s? =0 + X2 (5.2)

The measured RM uncertainties, o, are on the order of < 10? rad m~2.

Henceforth, all values mentioned will be in the reference frame of the source, un-
less otherwise stated. This requires a conversion of the observed values to the source
frame. The conversions are DMgource = DMogbs(1 + 2), RMgource = RMgps(1 + 2)%, and
tsource = tobs(1 + 2) 71, where z ~ 0.2 is the redshift of FRB 121102. This means that
the minimum ¢,se possible in the source frame is just over 3 years due to the time
elapsed from the first detection of FRB 121102 (Spitler et al., 2014a) and its first RM
measurement (Michilli et al., 2018a). In the case of DM, we will only consider the
contribution local to the source, i. e. local to the bursting source and the host galaxy.
For each model we first describe it in more detail before comparing it to our results.

5.5.1 Piro & Gaensler (2018)
5.5.1.1 Model Description

Piro & Gaensler (2018) model the temporal evolution of both RM and DM of an
expanding SNR. They consider three cases of evolutionary environments, which we
expand upon below.

The first evolutionary case is an SNR that expands into an ISM of constant density.
The shocked, ionized regions of the SN ejecta and ISM, as well as ionized material from
the pulsar wind nebula close to the SNR center, provide sufficient free electrons to
disperse an FRB. The Faraday rotation arises from the magnetic fields generated by
the forward and reverse shocks during the SNR, expansion. The SNR dominates both
the DM and RM contributions at early times until the ISM takes over on a timescale
of ~ 102 — 103 years. The free parameters in this model are the number density of
the uniform ISM, n, and the SN ejecta mass, M. The energy of the explosion is kept
constant as F = 10°! erg for all cases.

The second case is where the stellar wind of the massive progenitor affects the
circumstellar environment. The magnetized wind provides another source of magnetic
field as well as altering the DM evolution. The DM is much higher initially compared
to the previous scenario due to high density for the wind adjacent to the SN, but
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the DM decreases more rapidly because of the wind’s decreasing density. The wind
environment produces an ordered magnetic field, which is swept up by the SNR. This
is the focal point of RM generation in this scenario as opposed to the shock generation
of magnetic fields in the previous scenario. The RM also drops rapidly due to the steep
decline with time of the wind’s density and magnetic field. Here the free parameters
are the ejecta mass, M, and the wind mass loading parameter, K, which is a function
of the mass loss rate, M . and wind velocity, v, and is given in units of g cm™1.

The third is a mixture of the first two scenarios; an SNR expands into an ISM
affected by a constant velocity wind, with M and K as free parameters. For all three
cases they assume supernova ejecta masses of 10 M (red supergiant progenitor) and
2 Mg (stripped-envelope SN).

5.5.1.2 Results

Using an MCMC we can estimate the posterior of n, K, t,ge, and ¥ of each model variety
(Piro & Gaensler, 2018, Eqgs. 26, 57, and Appendix) using the measured RM values of
FRB 121102 (Table 5.1). Our initial guesses are the median values of n (1 cm™3) and
K (10" g cm™!) from Piro & Gaensler (2018), tuge = 5 years, and ¥ = 103 rad m ™2
(roughly 1% of the observed RM magnitude). We plot our 2D posterior corner plots
in Fig. 5.3 and list our results in Table 5.3.

For the constant ISM model we obtain a t,ge of 1.4 years at the time of the first RM
detection. For the wind and wind plus SNR evolution models we obtain #,4. between
~ 6-8 years. The range of RM from our results (1-sigma error) for each model and
mass is plotted as a function of time in Fig. 5.4, and overplotted with the observed RM
values of FRB 121102.

We also plot the local DM versus RM for the models in Piro & Gaensler (2018)
in Fig. 5.5, showing how the DM changes as RM decreases over time. The estimated
source frame local DM (up to 270 pc em~3, Tendulkar et al., 2017) and the source
frame RM values of FRB 121102 are overplotted on the figure.

5.5.2 Margalit & Metzger (2018)
5.5.2.1 Model Description

Margalit & Metzger (2018) consider a magnetar surrounded by a magnetar nebula.
Flares and winds from the magnetar inject particles and magnetic energy into the
nebula that is in turn responsible for the large observed RM. Their model is a one-
zone magnetar nebula model, where they assume a spherical, freely expanding nebula
with a constant radial velocity, v,. The free magnetic energy of the magnetar, Ep, is
released into the nebula at a rate following a power-law in time, E o ¢~ (Margalit &
Metzger, 2018, Eq. 4), where 2 1. The Faraday rotation occurs in non-relativistic
electrons ejected earlier in the nebula’s history and cooled from radiation and adiabatic
expansion.

In this model, the RM can be approximated as (Margalit & Metzger, 2018, Eq. 19,
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Figure 5.3: 2D posterior corner plot for the parameters (n, K, tage, and ) of the
models in Piro & Gaensler (2018). The histograms indicate the posterior probability
of each parameter, with the dashed vertical lines denoting the 1-sigma range. The
plots show the explored parameter space, with 1, 2, and 3 sigma dashed contours. The
crosses indicate the prior used for each parameter, obtained with a stochastic least
squares method. The left column shows the results for a 10 Mg, ejecta, and the right
column for a 2 Mg ejecta. Top row: Uniform ISM model. Middle row: Progenitor
wind model. Bottom row: Progenitor wind and evolving supernova remnant model.
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Table 5.3: Model parameters of Piro & Gaensler (2018) for each scenario. From left to right: Model scenario, supernova explosion
energy (E), supernova ejecta mass (M), number density of surrounding uniform ISM (n), wind mass loading parameter (K), age of
bursting source (tage), and the underestimation factor of the measured rotation measure, 3. The parameters n, K, tag, and 3 were
obtained in this work (§5.5.1.2). Uncertainties are 1-sigma.
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Figure 5.4: Source frame RM as a function of time for each model and ejecta mass in Piro & Gaensler (2018). The ranges show the
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Figure 5.5: Source frame DM versus RM of each model scenario presented in Piro &
Gaensler (2018). Shown are the ranges of the predicted DMs and RMs of each scenario
using the parameters obtained in this work with 1-sigma uncertainties (Table 5.3).
The grey shaded area shows the RM and estimated local source DM contribution of
FRB 121102 in the reference frame of the bursting source.

values normalised to 1 are omitted for clarity)

B 3/2 ~7/2
RM; ~ 6 _ B _ U
1050 erg 1017 em/s (5.3)

X (o — 1)3/2 t(()afl)/2t_(6+o‘)/2 rad m ™2,

where RM5 = RM/10° rad m~2, Ep, is in erg, v, in cm s~ ¢ is seconds since the
SN explosion, and tg is the time in seconds since the onset of the active period of the
magnetar’s energy release into the nebula. We extract ¢,ge from Eq. 5.3 by replacing ¢
with tage + ¢/, where ¢’ is the time elapsed in seconds of each RM measurement since
the first one.

For completeness, the estimated DM contribution from the Faraday-rotating
medium is given by

1050 ) \ 108

x (@ —1)t72 pc cm ™3

DM~ 3107 <EB> ( 0 >72 (5.4)

In their analysis, Margalit & Metzger (2018) consider three variations of their
model with each having its own set of values for Ep,, to, v,, and a. They call these
variations ‘model A, B, and C’, and we keep the same notation to avoid confusion.
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Margalit & Metzger (2018) use models A, B, and C to estimate t,5e of FRB 121102
from Eq. 5.3 using the RM measurements from Michilli et al. (2018a) and Gajjar et al.
(2018). Their choice of parameters and their results are shown in Table 5.4.

5.5.2.2 Results

Again, we used MCMC to estimate the posterior of a, tage, and 3. The initial guesses
are the parameters of models A, B, and C and ¢, in Margalit & Metzger (2018), and
like before ¥ = 103 rad m~2. We plot our 2D posterior corner plots in Fig. 5.6, and
list our results in Table 5.4.

A similar t,4¢ of ~ 15-17 years was obtained for all the models. Our obtained
« values lie in the range of 1.1-1.6 and are consistent with the values in Margalit &
Metzger (2018). The resulting RM range (1-sigma error), overplotted with observed
FRB 121102 RM values is plotted in Fig. 5.7.

5.5.3 Galactic Center Magnetar PSR J1745-2900

The GC magnetar PSR J1745-2900 has exhibited similar behaviour as FRB 121102
regarding changes in RM. Since its first RM measurements of —67000 rad m~2 (Eatough
et al., 2013), it showed some variations in RM of a few hundred rad m~2 per year
for a few years until its RM suddenly exhibited a steep drop in absolute magnitude
(Desvignes et al., 2018). This drop in RM is similar to FRB 121102, albeit not as
intense, as PSR J1745-2900 had a drop of 5% in RM over the course of a year while
the RM of FRB 121102 has dropped by an average of 15% yr—! over roughly two years.
Both PSR J1745-2900 and FRB 121102 exhibit short-term variations in their observed
RMs. Although somewhat similar, the magnitude of the FRB 121102 variations is
greater. Desvignes et al. (2018) also report a constant DM and attribute the RM
evolution to the changing line of sight towards the moving magnetar where either the
projected magnetic field or the GC free electron content varies.

Desvignes et al. (2018) use the measured proper motion of PSR J1745-2900 to
estimate the characteristic size of magneto-ionic fluctuations to be ~ 2 astronomical
units (AU). Assuming the bursts from FRB 121102 originate from the magnetosphere
of a neutron star with a speed of ~ 100 km s~!, the source moves a distance of 20
AU per year. The observations of PSR J1745-2900 show that spatial variations on the
scale of a few to 10s of AUs are possible in the vicinity of a massive black hole. If the
host of FRB 121102 also harbors a massive black hole, the variations seen in the RM
of FRB 121102 could be caused by the changing medium in its accretion disk. The
velocity of the medium could be much higher than in the Galactic center, contributing
to the observed fluctuation.

5.6 Discussion

We compared our measured RM sample to the theoretical RM predictions of Piro &
Gaensler (2018) and Margalit & Metzger (2018) by obtaining MCMC posteriors of the



Chapter 5. Rotation Measure Evoution of the Repeating Fast Radio

Burst Source FRB 121102

116

Table 5.4: Model parameters of Margalit & Metzger (2018). From left to right: Model, free magnetic energy of the magnetar (Ep, ),
onset of magnetar’s active period (o), radial velocity of expanding nebula (v, ), power-law parameter («) and age of bursting source
(tage) used in Margalit & Metzger (2018), and «, tage, and underestimation factor of the measured rotation measure, ¥, obtained in

this work (§5.5.2.2). Uncertainties are 1-sigma.

Model Ep, (erg) to (vears) o, (cms™) a e (years)? aP tage (vears)® log;o(2) (rad m~2)
A 5 x 1070 0.2 3x10° 1.3 12.4 167537 16.8738 3.9701
B 5 x 107 0.6 108 1.3 37.8 L1 16.2738 3.9101
C  4.9x10%! 0.2 9x 108  1.83 13.1 16703 153103 3.9701

8In Margalit & Metzger (2018)
PThis work
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Figure 5.6: 2D posterior corner plot for the parameters (o, tage, and X) of the models in
Margalit & Metzger (2018). The histograms indicate the posterior probability of each
parameter, with the dashed vertical lines denoting the 1-sigma range. The plots show
the explored parameter space, with 1, 2, and 3 sigma dashed contours. The crosses
indicate the prior used for each parameter, obtained with a stochastic least squares
method. Top left: Model A. Top right: Model B. Bottom: Model C.
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RMs from the parameters obtained in this work with 1-sigma uncertainties (Table 5.4). The black dots are the source frame RMs
of FRB 121102, starting at the obtained t,g. for each model. The RM uncertainties calculated from Eq. 5.2. The insets are zoomed
in to the RM-time space around each t,g.. Left: Model A. Center: Model B. Right: Model C.
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model parameters and the age of the FRB 121102 bursting source at the time of its
first RM measurement, t,gc.

For the model variations in Piro & Gaensler (2018), we obtain a tyz ~ 1.5 years
for the uniform ISM scenario, and 6 — 9 years for the progenitor wind and progenitor
wind plus SNR evolution scenarios. Based on observations, the minimum possible Z,ge
is =2 3 years, so we exclude the uniform ISM scenario. A drawback for the wind-only
scenario is that it requires a high wind mass loading parameter (K > 10'® g em™!) to
be consistent with the data.

We also compare our sample to the predicted DM vs RM evolution in Piro &
Gaensler (2018). The excluded uniform ISM scenario predicts DM values consistent
with FRB 121102, but both wind scenarios predict much higher DMs than is observed.
However, all the model variations predict a decrease rather than increase in DM at the
observed source frame RMs of FRB 121102.

Our results here show that origin scenarios with standard supernovae have difficul-
ties explaining both the RM and DM of FRB 121102. A caveat is that the models
assume uniform media, while the ISM, SNR, and wind environments most likely have
spatial structures such as filaments.

For the models in Margalit & Metzger (2018) we obtain a t,ge of ~15-17 years
and a of 1.1-1.6. Our results show that the observed RM evolution of FRB 121102
is consistent with these models. The estimated DM contribution from the nebula in
Margalit & Metzger (2018) is ~ 2 — 20 pc cm ™2 for models A, B, and C (Eq. 5.4). The
measured increase in DM of ~4 pc cm™3 is difficult to reconcile with the RM decrease
if it originates from the same electrons.

The DM and RM might not necessarily be coupled. Metzger et al. (2019) estimate
that photoionization just outside the propagating outward shock could contribute on
the order of 10 pc cm™2 with an increase of a few pc ecm™ possible over several years.
Therefore, the RM decrease and DM increase are likely occurring in different regions.

The SNR is initially optically thick at radio frequencies due to free-free absorption.
According to Piro (2016), the SNR becomes optically thin at radio frequencies on a
timescale of centuries if the SNR is solely ionised by the reverse shock. However, if the
SNR is also photoionised from within by the magnetar wind nebula the SNR becomes
optically thin at our observed frequencies on a timescale of < 10 years (Metzger et al.,
2017).

A by-product of our MCMC calculations is the error added in quadrature, 3, which
characterises the underestimation of the observed RM uncertainties. We find ¥ to be
consistent with ~ 1039 rad m~2 for all models and their variations, or roughly 10% of
the observed RMs. This underestimation could be due to unaccounted noise processes.
Alternatively, the large 3 could be explained by deviations of the observed RMs from
the RM evolution models considered in this work, which are inherently power-laws.
These deviations could be due to LoS variations across observing epochs as is seen for
PSR J1745-2900 (Desvignes et al., 2018).

PSR J1745-2900 has exhibited similarly drastic changes in RM over time (Desvignes
et al., 2018). This change is attributed to variations in the projected magnetic field
or the GC free electron content due to line of sight changes of the moving magnetar.
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FRB 121102 is located outside of its host dwarf galaxy center (Tendulkar et al., 2017),
but we cannot exclude a similar scenario due to the fact that AGNs can be found offset
from the optical center of dwarf galaxies (Reines et al., 2020).

A comparison can be made between FRB 121102 and another localised, repeating
FRB, FRB 180916.J1058+65, which has no discernable associated persistent radio
source, and its RM is three orders of magnitude less than the RM of FRB 121102.
However, it can still fit within the SNR framework where the persistent radio source
has faded and the RM dropped to its observed levels due to the source being a few
hundred years old (Marcote et al., 2020).

The observed RMs of FRB 121102 show large-scale variations of ~ 10% rad m™2
over year-timescales and small-scale variations of ~ 103 rad m~2 over week-timescales.
There is no obvious periodicity in the observed RM wvariations at the proposed
FRB 121102 periodicity of 161 days (Cruces et al., 2020).

Future polarisation measurements will show whether the RM of FRB 121102 has
“leveled-oftf” at its current magnitude or will continue to vary. If the RM continues to
decrease, the parameters of the SNR models considered in this work can be constrained
further. On the other hand, if the RM will stay the same, the models can be rejected or
will require adjustments. If the RM increases significantly, it would strongly challenge
the SNR models.

Investigating the RM and DM evolution of repeating FRBs is certainly helpful in
constraining source models. If FRBs, especially repeating ones, continue exhibiting
vast differences from FRB 121102, such as host galaxy type, RM magnitude, and DM
evolution, one must consider the possibility that FRB 121102 is a unique FRB source,
likely residing locally to an AGN.

5.7 Conclusions

We present sixteen new RMs from bursts of FRB 121102 using observations taken with
Arecibo, Effelsberg, and VLA.

Our Effelsberg survey consists of over 100 observing hours spanning over two years
at 4 — 8 GHz (Table 5.2). An FRB 121102 survey of this magnitude in this frequency
range is unprecedented, and thus enables us to present a robust, long-term average
burst rate of 0.2170-13 bursts/day above a fluence of 0.04 (w/ms)"/? Jy ms.

Along with previously reported RM values of FRB 121102 (Michilli et al., 2018a;
Gajjar et al., 2018), we have an RM sample spanning roughly 2.5 years. During that
time, the source frame RM has decreased significantly. From the first RM measurement
at MJD 57747 to MJD 58215, the RM declined rapidly from 1.4 x 10° rad m™2 to
1.0 x 10° rad m~2. From that point onward, the RM has stayed relatively constant,
with only a slight decrease down to 9.7 x 10* rad m~2. However, short-term RM
variations of ~ 1000 rad m ~2 per week have been observed during that period.

We fit the observed RM of FRB 121102 to theoretical models of RM evolution from
within SNRs from Piro & Gaensler (2018) and Margalit & Metzger (2018). The results
yield a source age estimate of 6-17 years for FRB 121102 at the time of its first RM
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measurement in late 2016. Conventional SNRs do not agree with our data, but the
inclusion of a pulsar wind nebula is compatible with our data.
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CHAPTER 6

Conclusions

The overarching topic of the work in this thesis is targeted searches of FRBs, an enig-
matic phenomenon of comsological origins whose properties and propagation effects
were introduced in Chapter 1. How FRB data are acquired and searched was described
in detail in Chapter 2.

The targeted searches conducted here have been twofold: observing potential lo-
cations of FRBs based on theoretical source models or similar environments of known
FRBs to search for new FRBs (e.g. PRSs and SLSN/LGRBs), and observing known
repeating FRBs in order to study them further. Both approaches focus on small areas
of the celestial sky and are thus well suited for single-dish telescopes with high sensitiv-
ities and wide-band receivers. The former approach enables the validity of theoretical
source models to be scrutinised. If an FRB were to be detected then the FRB origin
problem would be solved. With non-detections, constraints can be placed on models.
The latter approach of observing known repeating FRBs allows for detailed FRB stud-
ies, such as studying burst morphology to help reveal the emission process of FRBs,
or investigating periodic activity and the RM and DM evolution to unveil the local
environment of FRB bursting sources.

The following sections provide concluding remarks and future outlook for each of
the science chapters of this thesis, followed by a section on a general future outlook of
the FRB field.

6.1 PAF at Effelsberg

In Chapter 3, the commissioning observations of a PAF receiver at Effelsberg were
described, which took place in March, June, and August 2018, and in March 2019.
The observed targets were categorised into test PSRs, FRBs, PRSs, and miscellaneous
sources.

No FRBs were detected during the PAF observations. However, the sensitivity of
the PAF could be estimated based on the test PSR observations, resulting in a median
SEFD of 254 Jy in August 2018 and 157 Jy in March 2019. Such a high SEFD results in
a fluence detection threshold of ~ 2(wpms/ms)/? Jy ms. The non-detection of FRBs is
therefore not surprising, as extremely bright bursts are required to surpass this fluence
threshold. As an example, none of the FRB121102 bursts presented in Chapter 5 could
have been detected with the PAF.

It is therefore vital for future observations to improve the sensitivity of the PAF.
Badly beamformed channels, artificially reducing the observing bandwidth, are sus-
pected to be one of the causes of the high estimated SEFD.
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The commissioning of the PAF at Effelsberg is ongoing. Efforts have been made
to improve the beamforming process, thus reducing the number of badly beamformed
channels. Utilising the PAF beamforming in order to spatially reject RFI will un-
doubtedly improve the data quality and reduce the number of false positives while
searching the data. Implementing a candidate classifier, such as FETCH, would improve
the currently used false positive candidate rejection during post-processing.

The PAF commissioning observations provide an opportunity for long-exposure,
high-cadence observations. This enables a detailed study of the apparent periodicities of
FRB121102 and FRB180916.J0158+65. During active phases, investigation of whether
bursts are uniformly distributed across the phase can be performed. On the other
hand, the validity of the activity phases can be explored while observing during an
inactive phase. Another observing opportunity is to observe repeating FRBs detected
with CHIME, which have large localisation regions. The PAF FOV can cover each
region in a single observation, and is therefore an ideal tool to further constrain the
localisation regions. The improved localisation by PAF can be followed up by the likes
of the EVN and the VLA in order to identify a host galaxy, or by more sensitive single-
beam receivers for burst morphology and polarisation studies. Carrying out real-time
searches with the PAF to trigger a baseband dump of burst detections will enable
polarisation properties to be measured.

A cryogenically cooled PAF is under development based on experience with the cur-
rent Effelsberg PAF. Such a PAF will have lower system temperature than the current
PAF, and will thus be more sensitive. Continued commissioning of the Effelsberg PAF
will provide a smooth transition to using the cooled PAF.

6.2 SLSNe/LGRBs

Chapter 4 describes the observations of ten SLSNe and LGRBs with Effelsberg at 4.6—
9.3 GHz in order to search for repeating FRB sources. SLSNe and LGRBs were targeted
due to their host galaxies sharing similarities with the host galaxy of FRB121102, and
these transient events may produce magnetars that could generate FRBs.

As no FRBs were detected, UL burst rates and a scaled FRB121102 burst rate to
each target were calculated. For nine of the targets the scaled rates were not con-
strained by the ULs. An FRB121102-like source associated with the SLSNe/LGRBs
can therefore not be excluded at a 95% CL.

The scaled FRB121102 rate of the SLSN PTF10hgi, observed with the PAF at
Effelsberg and the UWL at Parkes, is excluded at the 99% CL by the ULs. Assum-
ing an FRB121102-like source residing within PTF10hgi and following a Weibull dis-
tributed bursting activity, the non-detection probability was estimated to be 14% and
16% from the PAF and UWL observations, respectively. These results show that an
FRB121102-like source at PTF10hgi is unlikely. Other interpretations of non-detections
from PTF10hgi are that the bursting source was observed during an “off-state” of ei-
ther a Weibull distributed or periodic bursting activity, the SNR of PTF10hgi was still
opaque at the observed frequencies, or that the bursting emission was beamed away
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from Earth during the observations.

The recommendations made in §4.5 for future surveys of SLSNe/LGRBs were made
under the assumption that FRB121102 bursts were clustered in time, i.e. following
a Weibull distribution. At the time, the periodicity of FRB121102 was yet to be
discovered. Assuming SLSNe/LGRBs contain FRB121102-like sources, surveys should
be split into multiple, short observations on a regular basis. This is also a suitable
strategy for periodic sources.

The burst rate of FRB121102 appears to be frequency dependent, with a rate of
~ 0.2 bursts per day at 6 GHz (Hilmarsson et al., 2020a) and ~ 8 bursts per day
at 1.4 GHz (Cruces et al., 2020). For future surveys it is therefore recommended to
observe at lower frequencies. The SNR is expected to become optically thin after ~ 9
years at 1.4 GHz and ~ 5 years at 6 GHz (Piro, 2016; Metzger et al., 2017). Therefore,
SLSNe/LGRBs older than the ones observed in Chapter 4 must be targeted.

6.3 FRB121102 RM

The RM evolution of FRB121102 is investigated in Chapter 5. The first RM measure-
ment of FRB121102 of 1.46 x 10° rad m~2 in the source reference frame was excep-
tionally high, and decreased down to 1.33 x 10° rad m~2 in seven months (Michilli
et al., 2018a). In Chapter 5, sixteen FRB121102 RMs detected over roughly two years
are presented, showing a continued decreasing trend in RM, dropping by an average
of 15% per year down to 9.7 x 10* rad m—2 at the latest epoch of August 2019. How-
ever, the trend is not linear, as the relative decrease in RM since 2018 is only slight
(~ 10* rad m~2). Additionally, erratic, short-term RM variations of ~ 103 rad m~2
per week were observed.

The high RM of FRB121102 has been suggested to originate from the environment
around a neutron star within an SNR, or a neutron star in the vicinity of a black hole.
The RM evolution of FRB121102 is compared to theoretical RM evolution models of
magnetars within SNRs (Piro & Gaensler, 2018; Margalit & Metzger, 2018), as well as
the RM evolution of PSR J1745-2900 (Desvignes et al., 2018).

The varieties of the SNR RM models where the remnant magnetar is surrounded
by a constant density ISM is inconsistent with observations. On the other hand, model
varieties where a magnetar wind nebula is considered are consistent with our data. The
model fitting also allows for an estimate of the source age of FRB121102 at the time
of the first RM measurement, yielding an age of 6-17 years.

PSR J1745-2900’s RM has exhibited similar variations as FRB121102, although to
a lesser degree. For a few years, variations of ~ 100 rad m~2 per year were seen, until
its absolute RM dropped by 5% over a timescale of a year (Desvignes et al., 2018).
These RM fluctuations were attributed to variations in either the projected magnetic
field or the GC free electron content due to the changing line of sight towards the
moving magnetar.

The theoretical RM evolution models are essentially power-laws in nature. If future
RM measurements of FRB121102 reveal an ongoing stable and relatively flat evolution,
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the models can be excluded or will require considerable adjustments. If the SNR models
can be rejected, the most likely scenario of FRB121102 is that it is a bursting source
residing locally to an AGN.

No obvious periodicity in the RM of FRB121102 is seen at its proposed bursting
periodicity of 161 days (Cruces et al., 2020). With more FRB121102 RMs covering
multiple activity phases, preferably with multiple RM detections per phase, short-term
and long-term periodicities in RM can be explored in more detail. Changes or trends
between and within active phases could also help solve the mystery behind FRB121102.

6.4 Future Outlook

FRBs are being detected in droves with the recent large FOV radio telescopes ASKAP
and CHIME, rendering blind surveys with single-dish telescopes obsolete. This provides
an excellent opportunity to solely utilise single-dish telescopes for targeted searches
and follow-up of known FRBs, which includes localising poorly localised FRBs to host
galaxies with the likes of the EVN. While discovering more FRBs is important, studying
them over a wider frequency range with more sensitive telescopes is necessary to further
study their nature. Cryogenically cooled PAFs and ultra-wide-band receivers are the
next generation of receivers. The versatility of PAFs on single-dish telescopes has been
demonstrated in Chapter 3, and the large instantaneous bandwidth of ultra-wide-band
receivers is greatly advantageous over the current generation of receivers. Installing
these kind of receivers at single-dish telescopes will result in excellent follow-up facilities
for current and upcoming radio facilities.

Upcoming radio telescope facilities and improved technologies will surely spell ex-
citing times for radio astronomy in coming years. The MeerKAT array in South Africa,
the planned expansion of CHIME, and the monumental Square Kilometre Array in the
Southern Hemisphere will bring unrivaled FOVs and sensitivities, capable of detecting
and localising FRBs at an unprecedented rate.
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