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Fast radio bursts (FRBs) are bright millisecond duration transients that are

primarily detected from high Galactic latitudes with large dispersion measures

which indicates their cosmological origin. Although their observed population has

grown rapidly over the past few years, the physical nature of these bursts still

remains largely unknown due to the sparse arcminute localisations from current

radio transient surveys that hinders their host galaxy identification. Characteris-

ing underlying distributions will not just help optimize future searches, but also

potentially identify observational sub-classes and provide valuable insights regard-

ing their progenitors, source environment and host galaxy properties.

In this thesis, we investigate the physical properties of FRB sources and fur-

ther study the binary population classes of these events. First, we discuss a general

formalism that we have developed in order to estimate the source properties of

FRB progenitors directly from the radio observations. We consider dispersion

measure contributions from a Milky Way-type spiral host galaxy, temporal broad-

ening models for pulse propagation through turbulent plasma and a relatively flat

FRB energy density spectrum. We then present the results from our Monte Carlo

population synthesis code that allows us to directly constrain the properties of
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the FRB source, its host galaxy and scattering in the intervening plasma from

the current observations. We show that the repeating FRB 121102 is likely to

be representative of the entire FRB population based on its energy distribution

function and the published FRB follow-up observations at present.

We further extend our analysis to constrain the spatial density of these en-

ergetic bursts from their observed flux density distributions. We show that these

events most likely originate from a relatively young stellar population which is

consistent with the theoretical predictions of the coherent curvature radiation

model. Lastly, we discuss the astrophysical implications of future FRB detections

including a unified emission mechanism for both non-repeating and repeating

FRB population classes, empirical constraints on the source intrinsic variability

timescales from observed light curves and the wide-ranging applications of lo-

calised FRB sources as cosmological probes and independent distance measures

in the near future.
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Chapter 1

Introduction

Fast radio bursts (FRBs) are astrophysical transients with millisecond dura-

tion and Jy-level brightness that have been detected in the frequency range ∼0.4-8

GHz (Lorimer et al., 2007; Thornton et al., 2013; Petroff et al., 2016). The phys-

ical origin of these bursts is still unknown, primarily due to their short durations

and the low angular resolutions of the current radio surveys. The frequency de-

pendence of the arrival time delay (∝ ν−2) and the pulse width evolution (∝ ν−4)

of FRBs are both consistent with propagation through cold, turbulent plasma

suggesting their astrophysical origin. Currently, about 120 FRB events have al-

ready been published (Petroff et al., 2016), with the majority of them not been

observed to repeat. There are about 20 FRBs that have been observed to repeat

sporadically, with FRB 121102 (Scholz et al., 2016; Spitler et al., 2016) and FRB

180814.J0422+73 (CHIME/FRB Collaboration 2019) being the first two repeating

events in that sample.

The cosmological origin of FRBs is strongly suggested by their large disper-

sion measures (integrated electron column density along the line of sight, DM =∫
nedl ∼ 103 pc cm−3), which typically exceeds the expected Galactic interstellar

medium (ISM) contribution by almost an order of magnitude (Cordes & Lazio

2002). Assuming that most of the excess DM is due to the ionized intergalactic

medium (IGM) contribution (Ioka 2003; Inoue 2004), the inferred redshifts are
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in the range z ∼ 0.2 − 2 with a considerably large isotropic energy release of

∼ 1038 − 1040 erg (Thornton et al., 2013; Keane & Petroff 2015; Champion et al.,

2016).

The localization of the repeating FRB 121102 within a star-forming region

in a dwarf galaxy at redshift z = 0.19273 confirmed the cosmological origin of

this particular source (Chatterjee et al., 2017; Marcote et al., 2017; Tendulkar

et al., 2017). As more FRB sources get localized in the near future with the

upcoming radio surveys, FRBs can be potentially utilised as cosmological probes

to study the baryonic distribution within the IGM as well as to constrain the

cosmological parameters in our Universe (Gao et al., 2014; Zheng et al., 2014).

The ∼ms pulse duration constrains the FRB source size, thereby implying high

radio brightness temperatures and coherent emission. Here we provide a brief

theoretical introduction of these radio transients.

1.1 Observed FRB properties

The observed FRB population spans a considerably large range in pulse du-

ration, peak flux density and dispersion measure, with the known population of

∼120 independent sources detected by about ∼10 telescopes around the world.

Similar to the gamma-ray bursts naming convention, FRBs are also identified with

the date when the signal was first recorded as ”FRB YYMMDD”. FRB 010724,

also known as the Lorimer burst, is considered to be the first FRB discovered

and was reported from single-pulse searches in the Parkes telescope archival data

(Lorimer et al., 2007). The Lorimer burst still remains one of the brightest FRBs

to be detected and was estimated to have a peak flux density of 30 Jy and a fluence
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of 200 Jy ms (see Figure 1). The large dispersive delay of the pulse is estimated

to be about eight times greater than what can be produced by the free electrons

within the Milky Way, strongly indicating the extragalactic origin of these bright

radio pulses.

The discovery of Thornton bursts at distances as large as 6 Gpc (z ≈ 1)

and with peak flux densities of ∼1 Jy implied an isotropic energy output of 1039

erg within a few milliseconds (Thornton et al., 2013). Furthermore, these high

energy outputs were within a few orders of magnitude of those from GRB prompt

emission and supernova explosions, leading to theories of cataclysmic progenitors.

Similar to the Lorimer burst, the Thornton bursts also exhibit a clear frequency

dependence for the arrival time delay due to dispersion and pulse width broadening

due to scattering (see Figure 1). The pulse temporal broadening is found to be

consistent with predictions for turbulence in the interstellar medium (ISM) and

intergalactic medium (IGM).

Since the first FRB discovery in 2013, the discovery rate has increased ev-

ery year with the known population almost doubling in the last one year itself

(Shannon et al., 2018; CHIME/FRB Collaboration et al., 2019). This has been

primarily due to increased searches with the Arecibo Observatory (Spitler et al.,

2014), Green Bank Telescope (Masui et al., 2015), Upgraded Molonglo Synthe-

sis Telescope (UTMOST, Caleb et al., 2016), Australian Square Kilometre Array

Pathfinder (ASKAP, Bannister et al., 2017; Shannon et al., 2018), and the Cana-

dian Hydrogen Intensity Mapping Experiment (CHIME, CHIME/FRB Collabo-

ration 2019).

The all-sky population of FRBs observed with these highly sensitive telescopes
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Figure 1.1: Frequency-time structure of initially detected FRBs 010724 and
110220. Top Panel: Lorimer FRB 010724 burst sweep due to dispersive time
delay in the intervening ionised medium between source and observer. The inset
represents pulse profile after correcting for the dispersive delay. Obtained from
Lorimer et al. (2007). Bottom Panel: The dynamic spectrum of FRB 110220
and its dispersive sweep. The inset shows how the burst becomes asymmetri-
cally broadened towards lower radio frequencies. Obtained from Thornton et al.
(2013).
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Figure 1.2: Plot of FRB sky positions and DM as function of Galactic coordinates.
Top Panel: An Aitoff projection map of the sky positions of all published FRBs
as a function of Galactic longitude and latitude. As suggested by the figure, there
is no preferred line-of-sight in order to detect FRBs. Obtained from Petroff et
al (2016). Bottom Panel: Dispersion measures plotted against Galactic latitude
for pulsars and FRBs. Different symbols are used for Galactic pulsars, Galactic
pulsars associated with SNRs, pulsars in the LMC and SMC. Obtained from
Cordes et al. (2016).
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across the world is found to be fairly isotropic and the observed DM is largely

independent of the galactic latitude as opposed to the pulsar populations in the

Small Magellanic Cloud, Large Magellanic Cloud and the Milky Way (see Figure

2). This further indicates that these sources are distributed isotropically outside

the Milky Way.

1.2 Propagation effects

The observed properties of detected FRBs are directly affected by the prop-

agation effects in the intervening material between the FRB source and observer.

The extragalactic FRB signal propagates through (ionised/magnetised/clumpy)

material in the direct vicinity of the source, the ISM of its host galaxy, the IGM,

and finally through the ISM of our own galaxy before reaching the radio tele-

scopes. As a result, the radio pulses can be absorbed, diffracted, refracted and

their polarisation state can also be changed by the intervening material along the

line-of-sight.

As with radio pulsars, FRB pulses can also show various propagation effects

such as dispersive delay, scattering, scintillation, plasma lensing, Faraday rotation,

HI and free-free absorption. Each of these effects carry important information

about the local environment of the sources and the galactic hosts of FRBs. Here

we focus on the two major propagation effects on the FRB observed pulse which

are dispersion and scattering.

As the group velocity of radio waves is frequency dependent in dispersive

media such as the ionised ISM and IGM, the higher frequency pulses arrive earlier

at the telescope as compared to their lower frequency counterparts. This dispersive
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smearing of the observed FRB pulse can be seen as the sweep in the frequency

versus time plot (see Figure 1). For a typical FRB DM = 500 pc cm−3 and

observing frequency of 1.4 GHz, this delays the signal by approximately one second

compared to infinite frequency.

The ionised intervening medium is also turbulent resulting in temporal broad-

ening of the pulse due to scattering. As the waves get scattered, they take longer

path lengths and arrive at a delay to the observer relative to the signal that arrives

directly along the line-of-sight. The temporal broadening due to multi-path prop-

agation is seen as an exponential tail scaling strongly with frequency as ν−4.0 in

the pulse profiles and can give information about the intervening medium (Figure

1). The pulse scatter broadening in FRBs can be used to study turbulence in the

Galactic ISM, IGM, host ISM, and intervening galaxy or galaxy clusters.

1.3 Repeating FRBs & follow-up observations

Although the all-sky isotropic event rate for FRBs above fluence threshold

∼1 Jy ms is relatively high ∼ 103 − 104 day−1 (Thornton et al., 2013; Champion

et al., 2016; Rane et al., 2016; Lawrence et al., 2017), most of the previously

detected FRBs except FRB 121102 (Scholz et al., 2016; Spitler et al., 2016) and

FRB 180814.J0422+73 (CHIME/FRB Collaboration 2019) had not been observed

to repeat despite dedicated follow-up searches (Petroff et al., 2015; Ravi et al.,

2015; Shannon et al., 2018). This lack of repetition might be due to one of the

two possible reasons:

1. two different classes of FRB progenitors (non-repeating and repeating bursts)

as suggested by Keane et al. (2016), or
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2. observational bias due to the finer localization and higher sensitivity of

Arecibo and CHIME telescopes relative to Parkes.

Here we briefly discuss the observed properties of the localised repeating FRBs

121102 and 180814.J0422+73.

FRB 121102: This repeating burst was the first FRB to be detected with a

telescope other than Parkes and was reported in a single-pulse search of archival

data from the Arecibo PALFA Galactic plane survey (Spitler et al., 2014; Spitler et

al., 2016). FRB 121102 is in the Galactic anti-center and has DM = 557 pc cm−3

which is three times larger than that predicted by the NE2001 model along its

line-of-sight (Cordes & Lazio, 2002). The detection of repetition from this source

directly signifies that it cannot originate from a cataclysmic event and the phe-

nomena producing these bursts must be able to sustain its activity at least for a

period of 8 years, since its discovery in 2012.

The repeating signals made it possible to precisely localise the source using

a radio interferometer and study it in greater detail using multi-wavelength mea-

surements (see Figure 3). The FRB 121102 source has been localised to within

∼ 0.1 arcsec resolution with the Jansky VLA (Chatterjee et al., 2017) and is found

to be associated to a low-metallicity dwarf star-forming host galaxy at z=0.19273

(Tendulkar et al., 2017) with a steady radio source at a separation of . 0.01 arcsec

determined with the European VLBI Network (Marcote et al., 2017). As these

galaxies are already known to be common hosts of long gamma-ray bursts and

superluminous supernovae, it has opened up a possible link between these extreme

astrophysical transients and FRBs (Metzger et al., 2017).

FRB 180814.J0422+73: In January 2019, the CHIME/FRB collaboration
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Figure 1.3: Observations of the dwarf star-forming host galaxy of FRB 121102.
Top Panel: Very Large Array radio image of the field of FRB 121102 where the
host galaxy is indicated with a white square and shown at optical wavelengths in
the inset. White circles indicate the positional uncertainties of previous Arecibo
detections. Obtained from Chatterjee et al. (2017). Bottom Panel: Optical image
of the FRB 121102 host galaxy obtained with the Hubble Space Telescope. The
galaxy is encompassed by a black ellipse and contours show flux levels. The other
source visible is a reference star, with its position indicated with a white circle.
Obtained from Bassa et al. (2017).
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reported the detection of the second repeating FRB. The dispersion measure

DM = 189 pc cm−3 for this repeating burst source, FRB 180814.J0422+73, was

found to be significantly lower as compared to the previously detected repeating

FRB 121102. Interestingly, many pulses from the FRB 180814.J0422+73 source

show multiple sub-bursts with a complex time-frequency structure as seen in the

pulses from FRB 121102 (Hessels et al., 2018). The similar time-frequency sub-

structures found in some pulses from both repeaters may indicate an origin that

is intrinsic to the emission mechanism rather than an extrinsic propagation effect.

While some FRBs have already been followed up for 100-1000 hours since their

discovery, others have little to no follow-up observations published in the literature

(Shannon et al., 2018). With much fewer repeating FRBs in the observed sample,

there is still debate about the potential for repetition from other FRBs. While it

has been shown that the repetition rate of FRB 121102 is highly non-Poissonian

in nature with periods of high and low activity alternatively (Oppermann et al.,

2018), FRB 180814.J0422+73 has not yet been follow-up sufficiently in order to

constrain its repetition rate over time.

It is known that FRB 121102 is capable of emitting pulses at a significantly

high rate, sometimes ∼ few 10s per hour, suggesting that it is clearly more active

compared to the other detected sources. While repeating bursts show complex

frequency-time substructures, it is possible that similar features might also be

present in non-repeating FRBs which can be detected with sufficient temporal

and spectral resolution (Farah et al., 2018). The rapid detection of larger number

of repeating FRBs with the high-resolution CHIME telescope will make it more

clear whether the repeating FRBs come from a different source class or progenitor
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channel as compared to the non-repeating events.

1.4 Progenitor models

Even though dozens of published progenitor theories exist, FRBs have not yet

been linked to any specific progenitor class (see Platts et al., 2018). In order to

differentiate between the proposed progenitor theories, a significantly larger ob-

served sample of FRBs with well characterised burst properties and robustly iden-

tified hosts are required. It is important to explore the properties of FRB sources

across a broad range of radio frequencies and to continue dedicated searches for

multi-wavelength counterparts.

The repeating FRBs provide a practical advantage with regard to detailed

characterisation using follow-up observations. Once ASKAP and other high-

precision telescopes detect a larger population of FRBs with unambiguous host

galaxy associations, the local environment as well as host galaxy features can be

probed in more detail and there can be deep searches for associated persistent

emission from radio to high-energies.

Several progenitor models, including both cataclysmic and non-cataclysmic

scenarios, have been proposed in the FRB literature: collapsing supermassive

neutron stars (NSs; Falcke & Rezzolla 2014; Zhang 2014), compact binary merg-

ers (Piro 2012; Kashiyama 2013; Totani 2013), galactic flaring stars (Loeb et al.,

2014), radio emission from pulsar companions (Mottez & Zarka 2014), magne-

tar giant flares (Popov & Postnov 2010; Kulkarni et al., 2014; Lyubarsky 2014;

Katz 2016), supergiant pulses from young pulsars (Connor et al., 2016; Cordes

& Wasserman 2016; Lyutikov et al., 2016), young rapidly spinning magnetars
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(Kashiyama & Murase 2017; Metzger et al., 2017) and plasma stream interacting

with NS magnetosphere (Zhang 2017).

The FRB progenitor model should explain the large DMs, ∼ms timescales,

∼Jy brightness and also the very high all-sky events rates. While the discovery

of repeating FRBs rules out cataclysmic models for this subset of FRBs, it is

possible that repeaters belong to a population of sources that are at a different

evolution phase compared to other FRBs. The ∼ms duration pulses constrain

the emission region size to be ∼100 km which is similar to neutron stars that can

generate coherent emission from small emission regions and also produce large

energy outputs similar to observed FRBs.

1.5 Thesis outline

The outline of this thesis is as follows. In Chapter 2, we discuss a general for-

malism to predict the source properties of non-repeating and repeating FRBs from

observables. We estimate the FRB distances and intrinsic widths using appropri-

ate models for IGM/ISM properties, and evaluate the energies and luminosities of

these bursts. For our analysis, we have considered a host galaxy DM contribution

similar to Milky Way type spiral galaxy, two distinct scattering models to under-

stand pulse temporal broadening and a FRB energy density spectrum which is

relatively flat. In Chapter 3, we describe the structure of our Monte Carlo popu-

lation synthesis code which we use to constrain the properties of the FRB source

and its host galaxy. We present the results from simulations that are performed

based on specific model distributions of the true properties to study the scattering

properties of the intervening IGM and ISM, FRB spatial density as a function of
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z, host galaxy DM and the spectral index of the assumed power-law FRB energy

density. In Chapter 4, we discuss whether the repeating FRB 121102 is likely to

be representative of the entire FRB population based on its repeating behaviour,

energy distribution function and the published FRB follow-up data. In Chapter

5, we present our analysis to investigate the spatial density of FRB sources from

their observed flux density distributions. Finally, in Chapter 6, we summarise our

results and discuss the scope for future work.
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Chapter 2

Extracting FRB source properties from

observables

In this Chapter, we first estimate the distances to the observed FRBs from

their total dispersion measure (DMtot) by assuming a fixed DM contribution from

the FRB host galaxy (DMhost). Throughout this analysis, we only consider FRBs

with DMtot values exceeding 500 pc cm−3 in order to minimize the error in the

FRB properties that are based on the FRB distance estimates. The inferred FRB

distances are determined by the assumptions about the host galaxy properties

and the precise source location inside it, with the error in z expected to be larger

for a larger contribution from the relatively uncertain DMhost to DMtot.

While the DMhost contribution to DMtot is generally stochastic with more

variability for nearby FRBs, the contributions from the free electrons in the galac-

tic halo to DMhost and density inhomogeneities (such as cosmic voids and strong

filaments) to DMIGM are both expected to be small. We then obtain the intrinsic

pulse widths (wint) from the observed FRB widths (wobs) using scattering models

for the pulse temporal broadening due to the multipath propagation through the

ionized ISM and IGM. The burst luminosities and energies are calculated for a

flat energy spectrum from the peak flux density, distance and the frequency range

for FRB radio emission. We also estimate the error in the inferred parameters

due to the various assumptions involved in our models.
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Table 2.1: Observed and inferred parameters for non-repeating FRBs published
until February 2019 that have total DM in excess of 500 pc cm−3. We use a DM
cutoff to minimize the error in the estimation of inferred FRB parameters due to
the host galaxy DM assumption. For each reported FRB, we select the observation
with largest signal-to-noise ratio from Petroff et al. (2016). We also exclude the
FRBs with unresolved intrinsic widths from our analysis (see equation 2.3). The
definitions of all burst parameters are discussed in the text.

FRB Telescope Speak,obs DMtot z Lint1/2 wobs wint1/2

(Jy) (pc cm−3) (1044 erg/s) (ms) (ms)

010125 Parkes 0.54 790.3 0.82 2.00/2.00 10.6 4.06/4.05

010621 Parkes 0.53 748.0 0.20 0.11/0.11 8.0 2.93/2.93

090625 Parkes 1.14 899.55 1.06 7.17/7.31 1.92 0.73/0.71

110220 Parkes 1.11 944.38 1.12 6.35/6.35 6.59 3.06/3.05

110523 GBT 0.60 623.30 0.69 1.34/2.70 1.73 0.77/0.38

110626 Parkes 0.63 723.0 0.81 2.16/2.21 1.41 0.58/0.56

110703 Parkes 0.45 1103.6 1.33 4.20/4.23 3.90 1.55/1.53

120127 Parkes 0.62 553.3 0.61 0.97/0.98 1.21 0.60/0.60

121002 Parkes 0.43 1629.18 2.00 11.19/11.23 5.44 1.66/1.61

130626 Parkes 0.74 952.4 1.09 5.01/5.11 1.98 0.74/0.71

130729 Parkes 0.22 861 1.01 0.97/0.97 15.61 7.73/7.73

131104 Parkes 1.16 779 0.85 3.70/3.72 2.37 1.15/1.15

140514 Parkes 0.47 562.7 0.62 0.63/0.63 2.82 1.68/1.68

150215 Parkes 0.70 1105.6 0.82 2.08/2.09 2.88 1.37/1.37

151230 Parkes 0.42 960.4 1.13 2.63/2.64 4.4 1.98/1.97

160317 UTMOST 3.0 1165 1.03 14.58/14.65 21.0 9.82/9.76

160608 UTMOST 4.3 682 0.51 3.79/3.80 9.0 5.40/5.39

170107 ASKAP 22.3 609.5 0.68 163.88/171.71 2.6 0.34/0.33

170416 ASKAP 19.4 523.2 0.56 22.06/22.07 5.0 2.86/2.86

170428 ASKAP 7.7 991.7 1.17 96.79/98.14 4.4 1.02/1.00

171116 ASKAP 19.6 618.5 0.69 60.58/60.93 3.2 1.04/1.04

180110 ASKAP 128.1 715.7 0.82 964.88/988.45 3.2 0.61/0.60

180131 ASKAP 22.2 657.7 0.74 56.54/56.64 4.5 2.03/2.02
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2.1 Distance estimate

The total DM for any FRB has contributions from the IGM (DMIGM), the

Milky Way (MW) ISM (DMMW) and the host galaxy ISM. Including the cosmo-

logical expansion factor for the host galaxy contribution gives

DMtot = DMIGM +DMMW +
DMhost

(1 + z)
. (2.1)

The IGM contribution increases with the source redshift as (Ioka 2003; Inoue

2004; Deng & Zhang 2014)

DMIGM =
c

H0

∫ z

0

fIGMne(z
′)x(z′)dz′

(1 + z′)2[Ωm(1 + z′)3 + ΩΛ]0.5

= (1294.9 pc cm−3)

∫ z

0

(1 + z′)dz′√
(1 + z′)3 + 2.7

(2.2)

where fIGM = 0.83 is the fraction of baryon mass in the IGM, ne(z) = 2.1 ×

10−7(1 + z)3 cm−3 is the number density of free electrons, x(z) ≈ 7/8 is the

ionization fraction with cosmological parameters as H0 = 68 km s−1Mpc−1, Ωm =

0.27 and ΩΛ = 0.73 (Planck Collaboration et al., 2014).

The DM contribution from the Galactic ISM along the FRB source line of

sight is obtained from the NE2001 model (Cordes & Lazio 2002). The host galaxy

DM contribution depends on the type of the galaxy, location of the FRB source

within the galaxy as well as our viewing angle relative to the galaxy. Although

the host galaxy for the repeating FRB 121102 has been identified to be a dwarf

star-forming galaxy (Tendulkar et al. 2017), there is still no information about

the host galaxies for the other sources.

Due to the uncertainties associated with the host galaxy properties and the

FRB source location inside them, here we assume that the host galaxy has a free
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electron density distribution similar to that of the MW with a typical contribution

of DMhost ≈ 100 pc cm−3. With the values of DMtot, DMMW and DMhost known,

we solve for the redshifts of the non-repeating bursts from equation (5.1). As the

host galaxy for the repeating FRB 121102 is localized at z=0.19273 (Tendulkar

et al. 2017), the DMIGM value is precisely known and equation (5.1) further

gives DMhost ≈ 281 pc cm−3. Once z is estimated, the comoving distance to the

source is obtained as D(z) = (8.49 Gpc)
∫ z

0
[(1+z′)3 +2.7]−0.5dz′ with a luminosity

distance DL(z) = (1 + z)D(z).

2.2 Intrinsic width estimate

The intrinsic width of a cosmological FRB source is broadened due to both

propagation and telescope effects. Excluding the pulse broadening components

from the observed width gives

w2
int =

w2
obs − (w2

DM + w2
samp + w2

IGM + w2
ISM,MW)

(1 + z)2
− w2

ISM,host (2.3)

where, wDM = 8.3×106(DMtot ∆ν/ν3
0) ms, is the dispersive smearing across single

frequency channels with ∆ν and ν0 being the channel bandwidth and the central

frequency of observation in MHz, respectively. While wsamp is the sampling time of

the observation, wIGM/wISM,MW/wISM,host denotes the pulse temporal broadening

due to scattering in the IGM/MW ISM/host galaxy ISM and (1+z) is the cosmic

expansion factor.

It should be noted that the distribution of the pulse observed/intrinsic width

wobs/int is directly affected by the temporal resolution of the telescope/survey

used. While most of the non-repeating FRBs listed in Table 6.1 were detected

with Parkes at a fine resolution of ∼ 0.1 ms, the other events detected by GBT,

17



UTMOST and ASKAP were at a coarse temporal resolution of ∼ 1.0 ms. In our

analysis here, we include the instrument time resolution ∼ wsamp for each burst

while computing wint from wobs using equation (2.3) and discuss the associated

bias ∆wint later in this section. While a telescope with a coarse time resolution

is less likely to detect a pulse with a relatively small wobs due to the associated

instrumental noise, there will also be an effective observing bias against the events

with fairly large wobs as the sensitivity reduces gradually. While Shannon et al.

(2018) have shown that the luminosity distributions for the Parkes FRBs at finer

resolution and ASKAP FRBs at coarser resolution are fairly similar, the observing

bias tends to select more events at relatively smaller distances.

As the radio pulses propagate through the ionised plasma in the intervening

IGM and ISM, they are scattered due to the inhomogeneities in the electron

density along the line of sight resulting in multipath propagation and thereby

scatter broadening. The reported scattering timescales are significantly larger

compared to the scattering timescales expected from the Galactic turbulence along

such lines of sight and it is expected that most of the scattering is predominantly

due to the IGM (Williamson 1972; Macquart & Koay 2013).

Due to the absence of sufficient information on the FRB scattering timescales,

we consider two separate models to evaluate the ISM and IGM scattering broad-

ening timescales for each FRB as discussed below.

1. Scattering model 1: We assume that the temporal broadening wISM,host/MW

due to scattering in the host galaxy/MW ISM is related to DMhost/MW as
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given by the empirical fit obtained by Krishnakumar et al. (2014),

wISM,host/MW = (41 ns) 4f(1− f)(1.00 + 1.94× 10−3DM2.0
host/MW)

DM2.2
host/MW

ν4.4
0,GHz

(2.4)

where ν0,GHz = ν0/103 is the central frequency in GHz and 4f(1 − f) is

the lever-arm factor by which wISM,host/MW is suppressed. We use f = 25

kpc/DL, where DL is the luminosity distance (in kpc) from the source to

the observer and 25 kpc is the typical extent of a MW-like galaxy. Although

most of the scattering material is present in the ISM of the host galaxy or the

MW, their contribution to scatter broadening is expected to be significantly

suppressed by a factor 4f(1 − f) ∼ 10−4 due to the asymmetric placement

of the scattering screens relative to the source and the observer (Williamson

1972; Vandenberg 1976; Lorimer et al., 2013).

As the average electron density fluctuations in the IGM are expected to be

less significant compared to the ISM, we assume that the scatter broadening

due to IGM can be obtained by rescaling the ISM contribution by three

orders of magnitude (Lorimer et al., 2013; Caleb et al., 2016),

wIGM = (4.1× 10−11 ms) (1.00 + 1.94× 10−3DM2.0
IGM)

DM2.2
IGM

ν4.4
0,GHz

. (2.5)

As opposed to the host galaxy/MW ISM scattering, IGM scattering is un-

affected by geometrical effects such as the lever-arm effect.

2. Scattering model 2: In this model, we assume that the ISM scatter broad-

ening contribution from the host galaxy and the MW are still given by

the wISM − DM relation in equation (5.2). However, instead of rescaling
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wISM,host/MW to obtain wIGM, we use the theoretical temporal smearing ex-

pression for IGM turbulence as obtained by (Macquart & Koay 2013),

wIGM(z) =
kIGM

ν4
0,GHzZL

∫ z

0

dz′

[Ωm(1 + z′)3 + ΩΛ]0.5

∫ z

0

(1 + z′)3

[Ωm(1 + z′)3 + ΩΛ]0.5
dz′(2.6)

where ZL = 1 + (1/2)z and kIGM is the normalisation factor (see Appendix

A for a detailed derivation of equation 5.3). We fix the value of kIGM =

7.35× 1011 ms MHz4 from equation (2.3) such that

wint ≤
√
w2

obs − (w2
DM + w2

samp + w2
IGM)/(1 + z),

is a real quantity for all the resolved FRBs in Table 6.1.

While wIGM from model 1 is based on the assumption that the nature of IGM

turbulence is similar to that of the Galactic ISM and can be estimated with an

observationally established empirical fit, wIGM from model 2 is based on a com-

pletely theoretical model for IGM turbulence which has not been observationally

verified. Previous FRB population studies (Bera et al., 2016; Caleb et al., 2016)

have used wISM−DM relation for pulsars in the MW ISM from Bhat et al. (2004)

in order to estimate the IGM and ISM scatter broadening widths. However, it has

already been shown by (Hassall et al., 2013; Lorimer et al., 2013) that the scatter

broadening of known FRBs is significantly smaller compared to that estimated

from the Bhat et al. (2004) model.

The pulse scattering width estimated from the Bhat et al. (2004) model

increases considerably beyond z ∼ 0.5 (see Figure 1 of Bera et al., 2016) and

typically exceeds the observed pulse widths for the known FRBs at high redshifts

(see Table 6.1). For DMhost/MW . 100 pc cm−3 � DMIGM, wISM,host/MW obtained
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from equation (5.2) is considerably smaller compared to wIGM and other width

components in equation (2.3). The values of all the observed burst and telescope

parameters in equations (5.1-5.3) are obtained from Petroff et al. (2016).

The modelled scatter broadening width for a given FRB source can be written

as, wsc = [w2
ISM,MW+w2

ISM,host(1+z)2+w2
IGM]0.5. For non-repeating FRBs, we show

the variation of the observed width components wDM, wsc and wint with distance in

the top panel of Figure 2.1, while the variation of the scattering width components

wISM,host, wISM,MW and wIGM with distance are shown in the bottom panel of Figure

2.1. The ISM broadening contributions obtained from the scattering models are

found to be very small with wISM,MW . 10−3 ms and wISM,host . 10−6 ms, which is

expected as the ISM contribution is suppressed relative to the IGM contribution

by the geometrical factor 4f(1 − f) ∼ 10−4. While the width broadening due to

IGM turbulence is larger at least by an order of magnitude for scattering model 2

at smaller redshifts z . 1, the IGM contributions for both scattering models are

roughly equal for z & 2 as wIGM increases faster with distance for model 1.

The dispersive smearing wDM is approximately of the same order of magnitude

as wobs and wint for a given FRB, with 10−1 ms . wDM . 101 ms for all bursts.

The smallest contribution to the pulse width broadening is from scattering with

wsc . 1 ms for almost all bursts. As wobs ∼ wDM � wsc for most FRBs, wDM is

the dominant contribution to the temporal broadening. Even though the intrinsic

pulse width varies considerably with 10−1 ms . wint . 10 ms, the two scatter-

ing models are essentially indistinguishable due to the small scatter broadening

contributions with wint,1 ≈ wint,2.

The top panel of Figure 2.2 shows the variation of wobs components with
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Eobs, while the bottom panel shows the variation of wsc components with the

emitted energy for the sub-bursts of FRB 121102. It should be noted that many

intrinsically shorter FRB 121102 sub-bursts have been detected due to high time-

resolution systems such as the Breakthrough Listen observations at 4-8 GHz with

GBT (Gajjar et al. 2018). Similar to the non-repeating FRBs, the sub-bursts of

FRB 121102 were also detected by instruments with time-resolution varying over

a wide range: ∼ 0.1 ms for Arecibo and Effelsberg to ∼ 1.0 ms for GBT. This

affects the distributions of the true properties for FRB 121102 sub-bursts such as

wint and Lint. We compute wint for sub-bursts from a given survey by including

the associated time resolution ∼ wsamp along with the uncertainty. However, we

do not consider the effect of different sensitivity thresholds for different searches

of FRB 121102 in our simplistic study here.

We find that the modelled ISM broadening contributions from both host

galaxy and MW are very small with wISM,host/MW . 10−4 ms for all sub-bursts. As

the redshift z ≈ 0.19273 is relatively small for FRB 121102, the width broadening

due to IGM turbulence is much more significant for scattering model 2 relative

to model 1. The dispersive smearing is found to be smaller compared to most

non-repeating FRBs with 10−1 ms . wDM . 1 ms. While wobs and wint are

approximately of the same order of magnitude, wDM is about one order of magni-

tude smaller. We find that scatter broadening wsc . 2 × 10−2 ms is the smallest

contribution to the width broadening.

Even though wDM is the dominant contribution to the pulse broadening with

wobs > wDM � wsc, wDM for FRB 121102 sub-bursts are considerably smaller

compared to that for the non-repeating FRBs due to the relatively small DMtot for
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FRB 121102. The intrinsic width varies considerably within 1 ms . wint . 10 ms

with wint ≈ wobs, implying that a considerable fraction of wobs for FRB 121102

is from wint and not due to the dispersive smearing or scatter broadening of the

pulse. Although wsc1 � wsc2, the scattering models are still indistinguishable with

wint,1 ≈ wint,2 due to the minimal IGM and ISM scatter broadening contributions.

For both non-repeating bursts and FRB 121102, we find that most of the pulse

temporal broadening is due to dispersive smearing and not IGM or ISM scattering.

The contribution from wDM to the width broadening is found to be considerably

larger for the non-repeating FRBs in comparison to the FRB 121102 sub-bursts,

which is expected due to the larger DMtot values for the non-repeating FRBs.

While the variation in wDM for a given z is only due to a combination of different

observation frequencies ∆ν and ν0 across various telescopes for the repeating FRB

121102 (top panel of Figure 2.2), different galactic contributions DMhost/MW also

play a major role in determining the magnitude of wDM for the non-repeating FRBs

(top panel of Figure 2.1). The IGM pulse broadening obtained from scattering

models is the dominant contribution to wsc for both classes of FRBs while the wISM

contributions are significantly smaller due to the geometrical lever-arm effect.

The intrinsic width for both FRB classes is found to be largely scattering

model-independent. Moreover, there is a considerable spread in the wint values

within a range of ∼ 10 ms/∼ 8 ms for the non-repeating/repeating bursts with

most FRBs having wint . 5 ms/wint . 3 ms. We estimate the average relative

broadening of the intrinsic width, ∆wint/wint = (wobs−wint)/wint, to be ∼ 150%/∼

20% for the non-repeating/repeating FRBs. It should be noted that larger wobs

corresponds to a lower instrument sensitivity, thereby resulting in a observing bias
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against bursts that are smeared over longer duration and/or have larger intrinsic

width.

2.3 Luminosity and energy estimates

As the width of a radio pulse gets broadened by scattering in the turbulent

plasma, the pulse is smeared across a longer time interval, thereby reducing its

peak flux density. The fluence Fobs, proportional to the total emitted energy of the

pulse, is assumed to be unaffected by the scatter broadening for each burst. Once

wint for a given FRB is obtained from equation (2.3), the corresponding intrinsic

peak flux density can be estimated from the fluence as Speak,int = Fobs/wint. For a

power-law energy distribution of the FRB source, the bolometric luminosity and

energy for the burst are given by Lorimer et al. (2013),

L =
4πD2(z)(ν ′α+1

max − ν ′α+1
min )(ν2 − ν1)

(1 + z)α−1(να+1
2 − να+1

1 )
Speak

E =
4πD2(z)(ν ′α+1

max − ν ′α+1
min )(ν2 − ν1)

(1 + z)α−1(να+1
2 − να+1

1 )
Fobs (2.7)

where ν ′min/max is the minimum/maximum source emission frequency in the FRB

comoving frame, α is the spectral index and ν1/2 is the lowest/highest frequency

in the observing band of the telescope. In order to evaluate the intrinsic lumi-

nosity and energy distributions for the observed bursts, we assume a flat energy

spectrum (α ≈ 0) to obtain: Lint = 4πSpeak,intD
2(z)(ν ′max − ν ′min)(1 + z) and

Eobs = 4πFobsD
2(z)(ν ′max − ν ′min)(1 + z). Here we use ν ′min = 600 MHz and

ν ′max = 8 GHz that are consistent with the current observed FRB population

(Petroff et al., 2016). The assumption of a flat energy spectrum is reasonable

as the FRB emission spectrum is poorly constrained at present with the spectral

indices varying within a wide range.
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The top panels in Figures 2.3 and 2.4 show the histograms for the distributions

of pulse width and luminosity of the 23 non-repeating bursts from Table 6.1,

while the bottom panels show three functional fits for the cumulative distributions

of the corresponding quantities. We obtain chi-squared fits for the cumulative

distributions of the non-repeating burst parameters using three different functional

forms: power-law, exponential and gaussian with zero mean, where the error for

each data point is quantified with Poisson fluctuations (see Table B.1 in Appendix

B for the parameter details). We find that wint for most bursts is a factor of ∼ 2−3

smaller compared to wobs and is within a relatively broad range of ∼ 0.3− 10 ms.

While most of the bursts have wint . 5 ms, there is considerable spread in the

width values suggesting that they are not peaked around wint ≈ 1 ms as assumed

for previous MC simulations (Bera et al., 2016); Caleb et al., 2016).

We find that the cumulative distribution of wint for non-repeating bursts is

best fitted with an exponential distribution, with a cutoff around wint ∼ 2 ms

that is about half of the wobs exponential cutoff. Lint varies by almost four or-

ders of magnitude from ∼ 1043 erg/s to ∼ 1047 erg/s with a peak luminosity

around ∼ 4×1044 erg/s. As the inferred Lint values of the observed non-repeating

bursts vary within a wide range, FRBs are significantly unlikely to be standard

candles. We find that the cumulative distribution of Lint is best fitted with an

exponential distribution for the non-repeating bursts, with a Lint cutoff around

∼ 8× 1044 erg/s. Furthermore, there is no significant difference in the width and

luminosity distribution fit parameters obtained by changing the scattering models.

The top panels in Figures 2.5 and 2.6 show the histograms for the width

and luminosity distributions of the repeating FRB 121102 sub-bursts obtained
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from Spitler et al. (2016), Scholz et al. (2016), Scholz et al. (2017), Law et

al. (2017), Hardy et al. (2017), Michilli et al. (2018), Gajjar et al. (2018)

and Spitler et al. (2018). The bottom panels show the chi-squared fits (with

the same functional forms as the non-repeating bursts) for the cumulative width

and luminosity distributions, with the parameter details listed in Table B.2 of

Appendix B.

Even though the average wint for repeating burst is smaller compared to that

for the non-repeating bursts, it still varies by almost two orders of magnitude

from ∼ 0.1 − 8 ms with most bursts having wint . 3 ms. The fractional pulse

broadening ∆wint/wint = (wobs − wint)/wint for the repeater is also found to be

smaller compared to the non-repeating bursts, which is expected due to its smaller

distance, and thereby lesser scatter and dispersion broadening.

The cumulative wint distribution is best fitted with an exponential distribution

with a cutoff wint ∼ 1.6 ms that is slightly smaller than the corresponding cutoff for

wobs ∼ 2.1 ms. The luminosity varies in a considerably smaller range, Lint ∼ 1041−

1043 erg/s, compared to the non-repeater bursts. We find that the cumulative

Lint distribution is best fitted with an exponential distribution, with a cutoff

Lint ∼ 2.7× 1042 erg/s that is slightly larger compared to the Lobs cutoff. Similar

to the non-repeating bursts, the difference between the scattering models is almost

negligible and can be ignored.

2.4 Parameter correlation for FRB sources

Once the burst parameters are estimated from the FRB observables, we can

study the correlation between different parameters and the burst distance/energy

32



10-1 100 101

z

100

101

102

103
S
pe
ak

(J
y)

Peak flux density distribution with redshift for
non-repeating FRBs

Speak,obs

Speak,int1

Speak,int2

Figure 2.7: Plot of peak flux densities Speak with distance for non-repeating FRBs.

10-1 100

z

102

103

D
M

(p
c 

cm
−3

)

Dispersion measure distribution with redshift for
non-repeating FRBs

DMHost

DMIGM

DMHost+DMIGM

Figure 2.8: Plot of dispersion measure DMtot with distance for non-repeating
FRBs.

33



10-1 100

z

10-1

100

101

102

103
L

(1
044

er
g/

s)

Luminosity distribution with redshift for
non-repeating FRBs

Lobs

Lint1

Lint2
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for the non-repeating/repeating FRBs. We show the dependence of Speak, DM

and L on z for the non-repeating bursts in Figures 2.7, 2.8 and 2.9. We find that

both the observed and intrinsic Speak of these events have no apparent correlation

with the inferred distances. However, the relative scatter in the flux values for

a given distance is considerably larger for intermediate z ∼ 1. While the IGM

contribution to the DM is found to be comparable to the host galaxy contribution

for small z ≈ 0.2, DMIGM/DMhost & 10 for larger z & 0.6.

As most of the currently detected bursts have z & 0.6, small variations in

DMhost are not expected to significantly affect DMEx = DMhost + DMIGM, pro-

vided that the typical host galaxy properties are not very different from that of

the MW. The burst luminosities increase on an average with an increase in the

burst distance, which is expected as Speak for FRBs is almost independent of z.

Moreover, the bursts with higher Lint are easier to detect from larger distances
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Figure 2.10: Plot of peak flux densities Speak with burst energy for repeating FRB
121102.

compared to dimmer FRBs, for a given telescope sensitivity. In Figure 2.10, the

dependence of Speak on Eobs is shown for the reported sub-bursts of repeating FRB

121102. We find that the more energetic sub-bursts have a larger value of Speak

on average, which is reasonable as brighter bursts detected from a given distance

are expected to emit more energy.

2.5 Error estimates for inferred parameters

We estimated the FRB distances from the observed DMtot values by assign-

ing DMhost ≈ 100 pc cm−3 as the fixed DM contribution from the host galaxy.

However, the actual value of DMhost can vary over a significantly broader range

depending on the type of the host galaxy and the location of the FRB source

within it, thereby affecting our estimate for the inferred z. We also used two scat-
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tering models for the pulse temporal broadening in the turbulent ISM and IGM

in order to compute wint from the observable wobs. The assumptions used in the

scattering models considered can affect the intrinsic width obtained.

Furthermore, in addition to the pulse temporal broadening from propagation

across turbulent plasma, the peak flux density Speak,int is also reduced due to the

finite size of the telescope beams. The inferred burst luminosities and energies are

then directly affected by these modified Speak,int values as well as the assumptions

about the FRB energy density spectrum which we assume to be a power-law

distribution in this work. Below we provide some rough estimates for each of

these uncertainties in the inferred parameters.

1. Error in the z estimate from DMhost contribution: We previously assumed

that the host galaxy has a free electron density structure that is similar to

the MW and it provides a typical contribution of DMhost ≈ 100 pc cm−3

to DMtot. As the values for DMtot and DMMW are known for a given

FRB line of sight, the estimate for the burst distance is primarily based

on the assumption about the host galaxy DM contribution. In general,

DMhost can have considerable spread ∆DMhost ∼ 100 pc cm−3 due to the

unknown location of the FRB source and our viewing angle relative to the

galaxy. With DMIGM ≈ 750z pc cm−3 for the FRBs listed in Table 1,

we have DMEx ≈ DMhost/(1 + z) + 750z from equation (5.1). Substi-

tuting ∆DMhost ∼ DMhost ≈ 100 pc cm−3 gives the redshift error to be

∆z ≈ 0.2/(1 + z) assuming ∆z ∼ z ∼ 1 for most FRBs. The value for

∆z gradually decreases with increasing distance which is expected as the

relative contribution from the uncertain DMhost to DMtot decreases.
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2. Error in the estimate for wint: We find that the ISM broadening contribu-

tions from both scattering models are suppressed significantly due to the ge-

ometrical lever-arm factor of ∼10−4 and are very small with wISM,MW/host .

10−3 ms for all reported FRBs. Even though wIGM ∼ 10−2 − 10−1 ms is

considerably larger, the modelled IGM temporal broadening contributions

are still typically smaller by at least an order of magnitude compared to the

dispersive smearing. Using equation (2.3), the intrinsic width can therefore

be approximately written as w2
int ≈ (w2

obs − w2
DM)/(1 + z)2 for all reported

bursts. As wobs and wDM ∝ DMtot are directly determined from the obser-

vations, the relative error in the intrinsic width is primarily due to ∆z and

is given as ∆wint/wint = 0.2/(1 + z)2.

For scattering model 1, the IGM/ISM pulse width broadening is based on

the DM contribution with wIGM/ISM ∝ DM4.2
IGM/ISM for sufficiently large val-

ues of DM. Although density fluctuations in the ISM/IGM can increase

DMISM/IGM by the factor of a few which can then increase wIGM/ISM by al-

most two orders of magnitude, the corresponding change in wint is found to

be negligible due to the modelled scatter broadening widths being very small

(see Figure ??). In case of scattering model 2, the IGM pulse broadening

is determined by both z and kIGM. From equation (5.3), wIGM increases by

almost an order of magnitude for the z range of FRBs in Table 6.1 with the

error in wIGM due to ∆z being smaller for larger z. The value of the normal-

ization constant kIGM is fixed using the width parameters of a single FRB

and can vary by a factor of few in general. However, as wIGM . 10−2 wobs

for most FRBs that we consider in our study, the dependence of wint on the

specific value of kIGM is relatively weak.
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3. Effect of beam shape on Speak: While the intrinsic peak flux density Speak,int

is diminished due to the pulse broadening from multipath propagation, the

actual observed flux can be even smaller due to the finite size of the telescope

beam used for detection. For a typical Gaussian beam profile, the observed

flux density can be written as Speak,obs ≈ Speak,int exp(−r′2/r2
beam), where

rbeam is the beam radius and r′ is the radial distance from the beam center.

The flux density averaged over an entire beam area is then 〈Speak,obs〉 =

(Speak,int/πr
2
beam)

∫ rbeam
0

exp(−r′2/r2
beam)2πr′dr′ = Speak(1− e−1). Therefore,

the relative uncertainty in the Speak,int values from telescope and propagation

effects can be combined to be written as

∆Speak,int/Speak,int =
√

(1/e)2 + (∆wint/wint)2 =
√

(1/e)2 + 0.04/(1 + z)4 ≈

1/e.

4. Effect on the inferred luminosity and energy: The inferred bolometric lu-

minosity and energy are obtained using equation (5.4) from Speak and Fobs,

respectively, for a given burst. The measured values for Fobs and Speak are

affected by the finite telescope beam size and ∆wint. For our calculations, we

assume the simple case of a flat FRB energy spectrum with α ≈ 0 for coher-

ent source emission from 600 MHz to 8 GHz and a telescope detection band-

width νbw = ν2 − ν1. However, the value of α is highly uncertain from the

current observations. As D(z) ∝ z, in terms of the inferred parameters we

have L ∝ Speakf(α)z2 and E ∝ Fobsf(α)z2, where f(α) = (1+z)1−α(ν ′α+1
max −

ν ′α+1
min )/(να+1

2 − να+1
1 ). For Parkes νbw = 0.34 GHz and a typical FRB z ∼ 1,

the difference in the values of f(α) for α = 0 and Kolmogorov spectral index

α = −1.4 is found to be very small . 1/15 and hence ∆f(α)/f(α) � 1.
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The relative uncertainty in the inferred luminosity and energy values are

then obtained with ∆L/L =
√

(∆Speak/Speak)2 + 4(∆z/z)2 and ∆E/E =√
(∆Fobs/Fobs)2 + 4(∆z/z)2 ≈ 1/e.

We have included these uncertainties in the inferred parameters z, wint, L and

E to obtain the chi-squared fits for the cumulative distributions shown in Figures

2.3, 2.4, 2.5 and 2.6.
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Chapter 3

Monte Carlo population synthesis code &

simulation results

In the previous Chapter, we presented a method in order to estimate the true

properties of the FRBs such as wint, Speak,int, Lint and Eobs, from the observables

for both non-repeating and repeating bursts. Here we describe our Monte Carlo

(MC) population synthesis code with which we constrain the various properties

of the FRB source, its host galaxy and the intervening turbulent plasma from the

observed properties of the reported FRBs. We first discuss the initial parameters

and distributions used in the MC code. Next, we briefly describe the algorithm of

our MC code. Then we discuss in detail the simulation results and the associated

constraints on the FRB source properties imposed from statistical analysis.

3.1 FRB input parameters

The input parameters used for our MC simulations are:

• Burst type: We categorise all FRBs into two different classes of bursts:

non-repeating and repeating FRBs. We model the population of the non-

repeating/ repeating FRBs found at the Parkes MB/Arecibo ALFA (see

Table 3.1 for the system parameters of these surveys). Parkes MB/Arecibo

ALFA has 13/7 beams with different beam center gains Gbeam and beam

radii rbeam.
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Table 3.1: System parameters for the Parkes multibeam (MB) receiver are ob-
tained from Staveley-Smith et al. (1996) and those for the Arecibo L-band feed
array (ALFA) are obtained from http://www.naic.edu/alfa/.

Parameter Parkes MB Arecibo ALFA

Digitization factor (δ) 1.07 1.16

System temperature (Tsys) 30 30

Central frequency in MHz (ν0) 1352 1375

Frequency bandwidth in MHz (νbw) 338 323

Channel bandwidth in MHz (∆ν0) 0.390 0.336

Sampling width in ms (wsamp) 0.0640 0.0655

For Parkes MB, rbeam = 7.0′ (7.05′) [7.25′] andGbeam = 0.731 (0.690) [0.581] K Jy−1

for beam 1 (2-7) [8-13], while Arecibo ALFA has rbeam = 3.35′ (3.35′) and

Gbeam = 10.4 (8.2) K Jy−1 for beam 1 (2-7).

• Scattering model: As the distributions of the true properties derived from

the current observations are found to be practically similar for both scat-

tering models (see Section 2.1), here we only consider model 2 to determine

the scatter broadening of the intrinsic pulse width for each FRB due to

propagation through the turbulent ISM and IGM.

• FRB intrinsic width and luminosity distributions: We consider two sepa-

rate model distributions for both wint and Lint in our MC simulations. As

the observed pulse widths for non-repeating/repeating FRBs vary within a

broad range of ∼ 0.6 − 21.0 ms/∼ 0.15 − 8.70 ms and are peaked around
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∼ 3.0 ms/∼ 1.8 ms, we use two different model distributions for the intrinsic

width wint which are:

(a) Intrinsic width model W1: lognormal distribution with mean µ1 = 0 and

standard deviation σ1 = 0.25, and

(b) Intrinsic width model W2: lognormal distribution with mean µ2 = 0 and

standard deviation σ2 = 0.50.

For the known wobs distribution, the W1/W2 intrinsic width distribution

physically corresponds to larger/smaller pulse temporal broadening due to

scattering in the intervening plasma.

The inferred luminosities for the non-repeating/repeating FRBs vary within

a wide range with fewer bursts detected at larger luminosities. Here we as-

sume power-law (PL) intrinsic luminosities for both classes of FRBs with:

(a) Inferred luminosity model L1: PL distribution with index αLint
= −1.3,

and

(b) Inferred luminosity model L2: PL distribution with index αLint
= −1.8.

We use Lmin = 1043 erg/s and Lmax = 1045 erg/s for non-repeating FRBs

whereas the corresponding quantities are 1041 erg/s and 1043 erg/s for re-

peating FRBs. Here the broader luminosity distribution L1 physically cor-

responds to larger pulse scatter broadening due to multipath propagation.

• FRB source spatial density n(z): In order to estimate the number of FRB

sources in a given comoving volume, we consider three different spatial den-

sity distributions:
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1. Non-evolving (NE) population: The number of FRB progenitors in-

creases linearly with the comoving volume for a non-evolving popula-

tion. From Table 6.1, we know that the maximum inferred redshift

value for the reported FRBs is z ≈ 2.3.

We generate FRBs up to a maximum redshift zmax = 3.0, correspond-

ing to a maximum comoving volume Vc,max ≈ 1286 Gpc3 for typical

cosmological parameters. The comoving distances to the FRBs are ob-

tained as Dc = (3ζ1Vc,max/4π)1/3, where ζ1 is a uniform random num-

ber between 0 and 1. The associated z is then obtained by inverting

D(z) = (8.49 Gpc)
∫ z

0
[(1 + z′)3 + 2.7]−0.5dz′.

2. Tracking cosmic star formation history (SFH): As the majority of the

FRB progenitor models suggested (including both cataclysmic and non-

cataclysmic scenarios) involve young neutron stars, the spatial distri-

bution of FRBs is expected to track the cosmic SFH. Furthermore, few

reported FRBs have inferred distances exceeding z ≈ 2.0, in which case

the FRB spatial density can be significantly different compared to a NE

population. We consider the cosmic SFH functional fit suggested by

Madau & Dickinson (2014),

ψ(z) = (0.015 M�yr−1Mpc−3)
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
. (3.1)

The FRB redshifts are generated by inverting ζ2 =
∫ z

0
ψ(z′)dz′/

∫ 3

0
ψ(z′)dz′,

where ζ2 is a uniform random number between 0 and 1. We then obtain

z = 12.05ζ2 − 57.16ζ2
2 + 167.97ζ3

2 − 259.28ζ4
2 + 199.04ζ5

2 − 59.63ζ6
2 .

3. Power-law distribution: We also consider a broken power-law FRB
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spatial density given by,

n(z) = n0

{
(1 + z)αl , zmin ≤ z < zcrit

(1 + z)αu , zcrit ≤ z ≤ zmax
(3.2)

where n0 is a constant, αl/αu is the lower/upper power-law index,

zmin/zmax is the minimum/maximum redshift and zcrit is the redshift

at which n(z) peaks. We try to constrain the distribution parameters

αl, αu and zcrit from the observed FRB population. From the cosmic

SFH fit (equation 3.1), we have αl ≈ 2.7 at low z, αu ≈ −2.9 at high

z and zcrit ≈ 1.85 from the peak of the distribution. We use zmin = 0

and zmax = 3.0 to generate the FRB redshifts from the power-law n(z)

distribution.

• β-parameter for DMhost: As opposed to a constant DMhost contribution

along all lines of sight, we assume that the free electron density distribution

in the host galaxy is similar to that of the Milky Way and can be obtained

using the NE2001 model (Cordes & Lazio 2002). We estimate the DM

contribution due to the host galaxy ISM along the FRB source line of sight

as, DMhost = βDMNE2001, where β is the parameter that accounts for the

size of the FRB source host galaxy relative to the MW and DMNE2001 is

the DM value predicted by the NE2001 model. In this work, we consider

β = 0.1, 1.0 and 10.0 for the non-repeating FRBs. For the repeating FRB

121102, we use DMMW = 188 pc cm−3 and DMhost = 281 pc cm−3 for all

generated FRBs.

We assume that all bursts are located at the position of the Solar system in

the host galaxy and all lines of site are weighted equally, as the location of
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the FRB source within its host galaxy is highly uncertain at present. This

also eliminates any possible bias from the specific choice of a volumetric

function for the distribution of source locations within the host galaxy. As

DMtot is expected to be significantly larger compared to DMhost (which is

constrained by the plasma frequency and further diminished by the cosmo-

logical expansion factor), the assumption about the FRB source location is

not expected to affect the results significantly.

For our simple analysis here, we ignore the contribution to the DM from

free electrons in the halos of any intervening galaxies and assume a diffuse

homogeneous structure for both IGM and ISM. Recently, Prochaska & Zheng

(2019) have shown that the contribution to DMEx from DMhost is essentially

stochastic with the relative scatter in DMEx values being largest for nearby

FRBs due to a larger relative uncertainty involved from DMhost.

For host galaxies that are similar to the MW, the free electrons in the galac-

tic halo are expected to have a relatively small contribution with DMhost .

30 pc cm−3 (Dolag et al., 2015). While DMIGM can vary for FRBs at a

similar z depending on the density inhomogeneities along the line of sight

(McQuinn 2014), the DM variability from cosmic web voids and strong fila-

ments is found to be typically small . 10 pc cm−3 (Smith et al., 2011; Shull

& Danforth 2018; Ravi 2019).

• FRB energy density spectral index α: Instead of using a flat FRB energy

density spectrum, we assume that the FRB energy spectrum can be modelled

using a power-law, Eν′ = kν ′α, where ν ′ is the frequency in the source frame
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and α is the spectral index. The FRB bolometric luminosity and energy are

then given by equation (5.4).

Even though the coherent emission mechanism for FRBs suggests a negative

spectral index, the spectral indices for some of the reported bursts vary

within a wide range. Macquart et al. (2019) recently obtained the best-

fit value α ≈ −1.5 from the spectra of 23 FRBs detected with ASKAP

(Bannister et al., 2017; Shannon et al., 2018), which is similar to that of the

Galactic pulsar population. For completeness, here we consider α = −3.0,

-1.5 and 2.0.

3.2 Monte Carlo code algorithm

At the start of the simulation, we select a specific burst type for the FRB

events to be generated. We then draw the intrinsic pulse width wint and luminosity

Lint of the first event from the corresponding model distributions (W1/W2 for

width and L1/L2 for luminosity) and compute the burst energy Eint = wintLint.

Next, we draw D(z) for the burst and evaluate the corresponding z for the chosen

FRB spatial density model n(z). Once the distance to the FRB is known, we

further estimate DMIGM(z) and wIGM(z) from scattering model 2.

We then draw a random line of sight in the MW and get DMMW from the

NE2001 model. For the host galaxy ISM contribution, we choose a random line of

sight in the host galaxy to evaluate DMhost = βDMNE2001 for the β value selected.

Once the DMMW and DMhost contributions are known, we obtain the correspond-

ing pulse width broadening components wISM,MW and wISM,host. We include the

IGM contribution to the DM to estimate DMtot and the pulse dispersive smearing
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wDM. The observed pulse width wobs is obtained by adding wsamp to the previously

estimated width components (see equation 2.3).

For a power-law FRB energy density with spectral index α chosen earlier,

the peak flux density at the beam center Speak,bc can be obtained from Lint for

an observation in the frequency band between ν1 = ν0 − (1/2)νbw and ν2 =

ν0 + (1/2)νbw as

Speak,bc =
Lint(1 + z)α−1

4πD(z)2(ν ′α+1
max − ν ′α+1

min )

wint

wobs

(
να+1

2 − να+1
1

ν2 − ν1

)
(3.3)

where the factor wint/wobs accounts for the reduction in Lint due to pulse scattering

and/or dispersive smearing. We assume FRB coherent emission to be in the

frequency range between ν ′min = 600 MHz and ν ′max = 8 GHz, in agreement with

the current observations.

However, the observed flux Speak,obs can be significantly smaller compared to

Speak,bc due to the finite telescope beam size and for a Gaussian beam profile is

given by

Speak,obs = Speak,bc exp

[
−(2 ln2)

r′2

r2
beam

]
. (3.4)

While the probability of a particular beam detecting the FRB event is propor-

tional to its area ∼ πr2
beam, the radial distance r′ from the beam center is chosen

randomly. For pulses detected in single-pulse searches, the search trial width wtrial

has to be closest to the observed pulse width wobs. In our simulation, we generate

wtrial in powers of two starting from wsamp in order to find wtrial nearest to wobs.

Once wtrial is determined, the signal-to-noise ratio S/N for optimal detection is

obtained from Speak,obs and the other telescope parameters as

S

N
=
Speak,obs

Tsysδ
Gbeam

√
2νbwwtrial. (3.5)
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The FRB event is detected only if the signal-to-noise ratio S/N ≥ 9 (5) for Parkes

MB (Arecibo ALFA).

In addition, we discard all the events for which DMtot < 500 pc cm−3 is

obtained. The simulation continues with the aforementioned algorithm until

Ndet = 3000 events have been detected. From Speak,obs of a given FRB, we further

obtain the observed fluence Fobs = Speak,obswobs, luminosity Lobs = 4πD(z)2(1 +

z)Speak,obs(ν
′
max − ν ′min) and energy Eobs = 4πD(z)2(1 + z)Fpeak,obs(ν

′
max − ν ′min).

The observed (Speak,obs, Fobs, DMtot, wobs) and inferred (z, Lobs, Eobs) proper-

ties for every detected burst are stored for comparison with the observed FRB

population in order to constrain the input parameters.

3.3 Simulation results and parametric constraints

In the previous sections, we described the MC code algorithm and discussed

the input parameters for our code. Here we present the simulation results for

the non-repeating FRBs and further compare them with observations in order to

constrain the model parameters of the FRB population. We discuss the simulation

results of the NE and SFH n(z) distributions for non-repeating FRBs that are

detectable with Parkes, and use Kolmogorov-Smirnov (KS) test to compare them

with the current observations.

For NE and SFH n(z), we perform MC simulations with all four combinations

of the model distributions for wint and Lint - we hereby denote them as wiLi, where

i = 1, 2 corresponds to the specific distribution (see Section 3.1). We identify

the parametric spaces (β,α) where the p-value γ obtained from the KS test is

maximised for a given spatial density distribution.
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Figure 3.1: Comparison of wobs distributions for simulated NE (top panel) and
SFH (bottom panel) FRBs with non-repeating Parkes FRBs: In each panel, the
MC simulation results are shown for DMhost parameter β = 0.1, 1.0, 10.0, spectral
index α = −3.0,−1.5, 2.0, scattering model 2, and intrinsic models w1L1 and
w1L2. The cumulative distributions for intrinsic model w1L1/w1L2 are denoted
by the dashed/solid lines. The values for the burst parameters are scaled from
their actual values by a factor of 0.2/5.0 for β = 0.1/10.0 to avoid overlap. Top
panel: Simulation results for wobs of NE FRBs, Bottom panel: Simulation results
for wobs of SFH FRBs.
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Figure 3.2: Comparison of Speak,obs distributions for simulated NE (top panel)
and SFH (bottom panel) FRBs with non-repeating Parkes FRBs: In each panel,
simulation results are shown for DMhost parameter β = 0.1, 1.0, 10.0, spectral
index α = −3.0,−1.5, 2.0, scattering model 2, and intrinsic models w1L1 and
w1L2. The cumulative distributions for intrinsic model w1L1/w1L2 are denoted
by the dashed/solid lines. The values for the burst parameters are scaled from
their actual values by a factor of 0.2/5.0 for β = 0.1/10.0 to avoid overlap. Top
panel: Simulation results for Speak,obs of NE FRBs, Bottom panel: Simulation
results for Speak,obs of SFH FRBs.
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Figure 3.3: Comparison of DMtot distributions for simulated NE (top panel) and
SFH (bottom panel) FRBs with non-repeating Parkes FRBs: In each panel, the
MC simulation results are shown for DMhost parameter β = 0.1, 1.0, 10.0, spectral
index α = −3.0,−1.5, 2.0, scattering model 2, and intrinsic models w1L1, w1L2.
Cumulative parameter distributions for intrinsic model w1L1/w1L2 are denoted
by dashed/solid lines. The values for burst parameters are scaled from actual
values by a factor of 0.2/5.0 for β = 0.1/10.0 to avoid overlap. Top panel: Simu-
lation results for DMtot of NE FRBs, Bottom panel: Simulation results for DMtot

of SFH FRBs.
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Then, we specifically consider the cases where γ is maximised to further con-

strain the parameters of the PL n(z) distribution and identify (αl,αu,zcrit) favored

by the observations. The p-values obtained from the KS test comparison of the

simulated and observed parameter distributions are listed in Tables C.1, C.2 and

C.3 of Appendix B for all the cases considered. We perform all KS tests under

the null hypothesis that the two samples were drawn from the same distribution

unless the p-value γ < 0.05.

3.3.1 Non-evolving and cosmic star formation history FRB spatial
densities

We show the results for the simulated wobs, Speak,obs and DMtot distributions

of the non-repeating FRBs and compare them with the data from Parkes at νobs =

1.4 GHz in Figures 3.1, 3.2 and 3.3. These simulations are performed for NE and

SFH n(z) distributions with the intrinsic models w1L1 and w1L2, DMhost in the

range β ∼ 0.1− 10.0 and the energy spectral index within range α ∼ −3.0 to 2.0.

We do not show the results for intrinsic width model W2 in these figures as the

corresponding simulated distributions are found to be similar to those for model

W1 for a given set of FRB parameters.

We consider wobs and Speak,obs to be the independent set of parameters among

(wobs, Speak,obs, Fobs) in addition to DMtot in order to evaluate the equivalent

p-value γeq =
√
γ2
wobs

+ γ2
Speak,obs

+ γ2
DMtot

in each case. The p-values obtained by

comparing the simulated parameters for both the NE and SFH n(z) cases with

the Parkes observations are listed in Tables C.1 and C.2 in Appendix B.

We find that the four model distributions (w1L1, w1L2, w2L1 and w2L2)

considered for the intrinsic widths and luminosities of non-repeating FRBs are
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practically indistinguishable for both NE and SFH n(z) populations. This further

indicates the weak dependence of the simulated FRB observable properties on

the intrinsic source properties for the range of model parameters that we consider

here.

We find that for both NE and SFH burst spatial densities, the observed wobs

from Parkes are in better agreement with the simulated wobs for a host galaxy

DM contribution DMhost that is comparable to the Galactic contribution with

β ∼ 0.1 − 1.0 as opposed to β & 10.0. Moreover, the observed wobs distribution

suggests a large negative spectral index α for the FRB energies as γwobs
gradually

decreases with increase in α for both n(z) distributions.

In case of Speak,obs, we also find that a larger DMhost contribution β & 10.0

cannot physically explain the observed flux density distribution for either of the

FRB population density distributions. Similar to the observed wobs distribu-

tion, the observed Speak,obs from Parkes can be better explained for a power-law

FRB energy spectrum with a negative spectral index as γSpeak,obs
(α = −3.0) &

γSpeak,obs
(α = −1.5) > γSpeak,obs

(α = 2.0) for both n(z) considered.

For both NE and SFH spatial density distributions used here, DMhost ∼

DMMW is clearly favored from the DMtot detected at Parkes with γDMtot(β ∼

0.1−1.0)� γDMtot(β ∼ 10.0). The observed DMtot values at Parkes are expected

to arise from a relatively steep FRB energy density distribution with γDMtot(α =

−3.0) > γDMtot(α = −1.5) > γDMtot(α = 2.0) for both FRB n(z).

From the simulated FRB parameters and the Parkes data, we find that the

host galaxy DM contribution is likely to be smaller or comparable to the MW con-

tribution with the likelihood order β = 1.0 ≈ β = 0.1 > β = 10.0. Furthermore,
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a larger negative value of α is favored by the FRB observations in general with

the order α = −3.0 > α = −1.5� α = 2.0. We find that the non-repeating FRB

population observed with Parkes that is considered here is statistically insufficient

and a larger observed population is necessary to clearly differentiate between the

two FRB spatial density distributions considered in our study.

3.3.2 Power-law FRB spatial density

In order to constrain the parameters of the PL n(z) distribution, we consider

specific (β,α) combinations for which the KS test likelihood value is found to be

significantly large for either NE or SFH n(z) distributions (see Tables C.1 and C.2).

As the choice of the intrinsic width and luminosity model (w1L1/w1L2/w2L1/w2L2)

does not influence the likelihood value significantly, we assume the w1L1 model

for all our simulations along with:

1. β = 0.1 and α = −3.0,

2. β = 1.0 and α = −3.0,

3. β = 10.0 and α = −3.0,

as the three input cases. We show the simulated wobs, Speak,obs and DMtot distribu-

tions corresponding to these cases for comparison with the observed non-repeating

FRB population detected by Parkes at νobs = 1.4 GHz in Figures 3.4, 3.5 and 3.6.

In order to constrain the parameters (αl,αu,zcrit) of the PL n(z) distribution, we

perform the MC simulations with either varying zcrit or varying (αl,αu) for each

of these cases listed above.

We consider zcrit = 1.0, 2.0, 3.0 for fixed (αl,αu) = (2.7,-2.9), where the

values for the PL indices are motivated from the SFH distribution at asymp-

totically low and high redshifts. For the fixed zcrit case, we consider (αl, αu) =
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Figure 3.4: Comparison of non-repeating Parkes FRBs and simulated wobs for
PL FRBs with varying zcrit (top panel) or varying (αl,αu) (bottom panel): The
cumulative distributions for the three cases are shown for scattering model 2 and
intrinsic model w1L1, and the corresponding p-values are presented in Table C.3.
We only show simulation results for intrinsic model w1L1. The FRB parameter
values are scaled by a factor 0.2/5.0 for zcrit = 1.0/3.0 in the top panel, while the
corresponding values are scaled by 0.2/5.0 for (αl,αu)=(0,-3)/(0,0) in the bottom
panel to avoid overlap. Top panel: Simulated wobs for fixed (αl,αu)=(2.7,-2.9) and
varying zcrit=1.0,2.0,3.0, Bottom panel: Simulated wobs for fixed zcrit = 1.85 and
varying (αl,αu)=(0,-3),(3,0),(0,0).
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Figure 3.5: Comparison of non-repeating Parkes FRBs and simulated Speak,obs for
PL FRBs with varying zcrit (top panel) or varying (αl,αu) (bottom panel): The
cumulative distributions for the three cases are shown for scattering model 2 and
intrinsic model w1L1, and the corresponding p-values are presented in Table C.3.
We only show the simulation results for intrinsic model w1L1. The FRB parameter
values are scaled by a factor 0.2/5.0 for zcrit = 1.0/3.0 in the top panel, while the
corresponding values are scaled by 0.2/5.0 for (αl,αu)=(0,-3)/(0,0) in the bottom
panel to avoid overlap. Top panel: Simulated Speak,obs for fixed (αl,αu) and varying
zcrit, Bottom panel: Simulated Speak,obs for fixed zcrit and varying (αl,αu).

56



101 102 103 104

DMtot(pc cm−3 )

0.2

0.4

0.6

0.8

1.0
N

(
>
D
M

to
t)

Simulated dispersion measures of PL n(z) with (αl,αu )=(2.7,-2.9)
and zcrit=1.0,2.0,3.0 for FRBs detectable with Parkes

Parkes DMtot

β=0.1,α=−3.0

β=1.0,α=−3.0

β=10.0,α=−3.0

101 102 103 104

DMtot(pc cm−3 )

0.2

0.4

0.6

0.8

1.0

N
(>

D
M

to
t)

Simulated dispersion measures of PL n(z) with zcrit=1.85 and
(αl ,αu ) =(0,−3),(3,0),(0,0) for FRBs detectable with Parkes

Parkes DMtot

β=0.1,α=−3.0

β=1.0,α=−3.0

β=10.0,α=−3.0

Figure 3.6: Comparison of non-repeating Parkes FRBs and simulated DMtot for
PL FRBs with varying zcrit (top panel) or varying (αl,αu) (bottom panel): The
cumulative distributions for the three cases are shown for scattering model 2 and
intrinsic model w1L1, and the corresponding p-values are presented in Table C.3.
We only show the simulation results for intrinsic model w1L1. The FRB parameter
values are scaled by a factor 0.2/5.0 for zcrit = 1.0/3.0 in the top panel, while the
corresponding values are scaled by 0.2/5.0 for (αl,αu)=(0,-3)/(0,0) in the bottom
panel to avoid overlap. Top panel: Simulated DMtot for fixed (αl,αu) and varying
zcrit, Bottom panel: Simulated DMtot for fixed zcrit and varying (αl,αu).

57



(0,−3), (3, 0), (0, 0) and the value of zcrit = 1.85 is chosen to resemble the redshift

at which the cosmic SFH distribution peaks.

Table C.3 in Appendix B lists the p-values γeq obtained by comparing the

simulated parameters for both the fixed zcrit and fixed (αl,αu) cases with the ob-

served FRBs from Parkes. From the fixed (αl,αu) and varying zcrit case, we find

that the agreement of each of the simulated wobs, Speak,obs and DMtot distributions

with the corresponding observed quantities from Parkes is considerably better for

an intermediate value of peak redshift zcrit ≈ 2.0 with γi(zcrit = 2.0) > γi(zcrit =

1.0) > γi(zcrit = 3.0) for i = wobs, Speak,obs, DMtot and most of the cases consid-

ered. Therefore, the FRB spatial density is expected to peak at a redshift similar

to that of the cosmic SFH distribution.

Moreover, for the fixed zcrit and varying (αl,αu) case, we find that the observed

wobs from Parkes can be better explained with a FRB spatial density that grad-

ually decreases with the source distance as γ[(αl, αu) = (0,−3)] > γ[(αl, αu) =

(0, 0)] > γ[(αl, αu) = (3, 0)]. While Speak,obs does not show a clear dependence

on the PL n(z) indices (αl,αu) for a fixed zcrit, a FRB spatial density falling off

sharply at large distances is preferred by the current DMtot distribution with the

likelihood order for PL indices (αl,αu) being (0,−3) & (0, 0) > (3, 0).

Combining the results from the fixed (αl,αu) and fixed zcrit cases for PL n(z)

obtained here with those for SFH n(z) in Section 3.3.1, we find that the FRB

spatial density is likely to be a PL distribution with a peak around the redshift

zcrit ∼ 2.0. The reasonable agreement of the burst parameters with the observed

FRB population at Parkes for SFH n(z) also suggests PL indices αl ≈ 3.0 and

αu ≈ −3.0 at asymptotically low and high redshifts, respectively. Here we have
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further constrained the decreasing FRB spatial densities at large distances to

obtain an upper PL index αu ∼ −3.0.

Therefore, it is likely that the PL indices for the FRB spatial density are

αl ∼ 0− 3 and αu ≈ −3 with the distribution peaking at slightly larger redshifts

compared to the cosmic SFH. Similar to the non-repeating FRBs, we also compare

the simulated Speak,obs and Fobs distributions of the repeating FRB 121102 sub-

bursts with the Arecibo observations. The corresponding results are shown in

Figure 3.7 and the p-values listed in Table 3.2 in the next section.

3.3.3 Simulation results for repeating FRB 121102

Here we discuss the simulation results for the sub-bursts of the repeating

FRB 121102 in order to better constrain the spectral properties of this source. In

Figure 3.7, we show the results for the simulated Speak,obs and Fobs distributions

of the repeating bursts and further compare them with the Arecibo observations

at νobs = 1.4 GHz. We fix the host galaxy DM contribution relative to MW β and

the spatial density n(z) model for all the simulations as the source redshift and

the individual DM components (DMIGM, DMMW and DMhost) along the line of

sight are both well known for FRB 121102.

We only show the simulation results for intrinsic model w1L1 in Figure 3.7 as

the relative difference between the intrinsic models is found to be statistically neg-

ligible (see Section 4). For the power-law model Lint distributions of FRB121102,

we use Lmin = 1041 erg/s and Lmin = 1043 erg/s. We consider the value of the

energy spectral index α to be varying within the range of -5.0 to 3.0, as supported

by the current radio observations.
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Figure 3.7: Comparison of repeating FRB sub-bursts detected by Arecibo at
observing frequency νobs = 1.4 GHz and simulated Speak,obs and Fobs for FRB
121102 with different spectral indices. In both the panels, the MC simulation
results are shown for α values ranging from -5.0 to 3.0. While β and n(z) are
fixed for the simulations of repeating FRB 121102, we only show the simulation
results for intrinsic width and luminosity model w1L1 and scattering model 2. Top
panel: Simulation results for Speak,obs and different α, Bottom panel: Simulation
results for Fobs and different α.
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Table 3.2: KS test p-values from the comparison of simulated Speak,obs and
Fobs with the observed repeating FRB 121102 sub-bursts detected at Arecibo
with νobs = 1.4 GHz. The p-values are obtained for a fixed β and n(z) with

γeq =
√
γ2
Speak,obs

+ γ2
Fobs

, and are listed for intrinsic width and luminosity models

w1L1/w1L2/w2L1/w2L2 for each entry. All simulations are performed for scat-
tering model 2 as the difference between the intrinsic distributions is found to be
insignificant between the two scattering models (see Section 2).

α γSpeak,obs
γFobs

γeq

-5.0 0.012/0.010/ 0.721/0.573/ 0.510/0.405/

0.016/0.011 0.663/0.628 0.469/0.444

-4.0 1.697× 10−4/1.476× 10−4/ 0.683/0.760/ 0.483/0.537/

3.034× 10−4/1.297× 10−4 0.782/0.699 0.553/0.494

-3.0 1.278× 10−6/1.242× 10−6/ 0.044/0.053/ 0.031/0.037/

7.717× 10−7/9.317× 10−7 0.055/0.047 0.039/0.033

-2.0 4.974× 10−7/4.620× 10−7/ 0.011/0.010/ 0.008/0.007/

7.388× 10−7/5.595× 10−7 0.014/0.011 0.010/0.008

-1.5 1.281× 10−7/1.850× 10−7/ 0.004/0.007/ 0.003/0.005/

1.517× 10−7/1.878× 10−7 0.005/0.005 0.004/0.004

1.5 0.625/0.676/ 0.056/0.077/ 0.444/0.481/

0.681/0.643 0.042/0.050 0.482/0.456

2.0 0.465/0.391/ 0.009/0.007/ 0.329/0.277/

0.483/0.423 0.006/0.007 0.342/0.299

3.0 6.796× 10−8/1.036× 10−7/ 5.075× 10−6/5.970× 10−6/ 3.589× 10−6/4.222× 10−6/

6.112× 10−8/8.332× 10−8 4.251× 10−6/6.560× 10−6 3.006× 10−6/4.639× 10−6
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As z = 0.19273 is fixed for all the FRB 121102 bursts, the distribution for

Lobs/Eobs is essentially the same as that for Speak,obs/Fobs while the DMtot is fixed.

This reduces the number of independent parameters among the observed/inferred

quantities to only two, and here we consider Speak,obs and Fobs as the independent

parameters for our analysis. Table 3.2 lists the p-values from the comparison

of the simulated Speak,obs and Fobs with the Arecibo νobs = 1.4 GHz population

for intrinsic model w1L1/w1L2/w2L1/w2L2. The KS test equivalent p-value is

obtained from the two observable parameters as γeq =
√
γ2
Speak,obs

+ γ2
Fobs

.

We find that the observed Speak,obs for FRB 121102 bursts detected by Arecibo

agree better with the simulated Speak,obs results for moderately positive energy

spectral indices, especially α ∼ 1.0 − 2.0. However, the observed Fobs for the

Arecibo bursts implies an energy density spectrum that decreases sharply with

increasing energy for FRB 121102. The γeq values obtained for FRB 121102

suggest either a large negative α ∼ −5.0 to − 4.0 or moderately positive α ∼

1.0− 2.0 for this repeating FRB. As a result, it is very unlikely that the repeating

FRB 121102 has a flat energy spectrum across its entire emission range and its

spectrum is expected to be better constrained in the future once more bursts are

detected by Arecibo at νobs = 1.4 GHz and their spectral information are available.
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Chapter 4

FRB population and repeatability

In the previous Chapter, we constrained the FRB host galaxy dispersion mea-

sure, spectral index of the energy density, spatial distribution of the bursts and

also the scattering due to turbulence in the intervening IGM and ISM using the

observations for non-repeating and repeating bursts from Parkes and Arecibo tele-

scopes, respectively. We showed that the FRB host galaxy DM contribution is

expected to be similar to that from the Milky Way for typical sightlines and that

a large negative spectral index ∼ −2.0 for the FRB energy density is favoured by

the current radio observations. Furthermore, the spatial density of FRB sources

is expected to be a power-law distribution gradually increasing up to z ∼ 2 and

then falling off significantly at larger distances with an index ∼ −3.

Now we use the follow-up data for FRBs in order to investigate whether FRB

121102 is representative of all FRBs repeating with a universal energy distribution

function (EDF). The energy distribution for the repeating FRB 121102 sub-bursts

does not exhibit any significant overlap with that of the reported non-repeating

bursts (see Figure 4.1 for a distribution of energies). In fact, the typical energy

output from most non-repeating sources is about 2-3 orders of magnitude greater

as compared to the repeating FRB 121102.

Even though most FRBs have been extensively followed up with dedicated

surveys ranging from few hours to ∼ 1000 hrs, only few of the other FRBs except
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Figure 4.1: The distribution of inferred burst energies for repeating FRB 121102
and other non-repeating FRBs assuming fixed host galaxy DM contribution
DMhost = 100 pc cm−3. The inferred energies of the 121102 sub-bursts are found
to be significantly lower compared to the non-repeating FRBs during the active
period.

FRB 180814.J0422+73 have been observed to be repeating. Table 4.1 lists the

published follow-up observation data for the repeating FRB 121102 and 13 non-

repeating Parkes FRBs from Table 6.1.

There can be two possible reasons for the repeating bursts from other FRBs

to not get detected in spite of a universal repetitive behaviour for FRBs:

(a) the current observing times tobs are smaller compared to the repeating timescale

trep for the FRBs, or

(b) the repeating bursts from the other FRBs are very dim and cannot be detected

with the typical sensitivities of the current telescopes.
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4.1 FRB 121102 initial observations

Spitler et al. (2014) discovered the first FRB 121102 burst in a single-pulse

search of archival data from the Arecibo PALFA survey and it was the only burst

to be detected in a 180 second observation. The initial follow-up observations

were carried out for a few hours for FRB 121102 but with no detection. The FRB

was then extensively followed-up with Arecibo telescope in 2015 around the best

known sky position, resulting in the discovery of ten additional bursts (Spitler et

al. 2016) within three hours of observations - confirming it as the first repeating

FRB source. Further multi-wavelength follow-up surveys found five bursts with

GBT at 2 GHz and one with Arecibo at 1.4 GHz all with the same DM (Scholz

et al. 2016), providing strong evidence that the bursts were originating from the

same source.

Even though the FRB 121102 bursts appear to be clustered in time, there has

not been any underlying periodicity detected yet. The power-law spectral index

for the burst spectra is found to be varying within a large range between -10 to

+14, suggesting variable properties that may be intrinsic to this particular source

and not just propagation effects. The targeted interferometric localisation efforts

for FRB 121102 with the Karl Jansky Very Large Array (VLA) and the Arecibo

telescope simultaneously over 6 months detected nine additional bursts at 3 GHz

and reported the first sub-arcsecond localisation (Chatterjee et al. 2017).

In addition, a persistent variable counterpart with a flux density ∼180 Jy

was detected (Marcote et al., 2017) within a star-forming dwarf host galaxy at

z = 0.19273 (Tendulkar et al., 2017). The host galaxy was found to be with low-

metallicity and with a stellar mass of (4−7)×107 M�. Thereafter, four additional
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bursts were detected with the European very long baseline interferometric (VLBI)

network at 5 GHz which showed that the physical separation between the FRB

and radio source is less than ∼40 pc, hence confirming their association.

4.2 FRB energy distribution function

The Parkes sensitivity threshold at νobs = 1.4 GHz for S/N = 9 and an

arbitrary wobs is Sth = 0.36 Jy (wobs/1 ms)−1/2 (Caleb et al., 2016). For pulse

widths in the range wobs ∼ 1.00− 8.00 ms, Sth for Parkes varies within the range

∼ 0.1 − 0.4 Jy. It should be noted that all the inferred energies in Table 6.1 are

based on the lower limits for the fluence due to the uncertainty in the position of

the source within a single beam and the assumption of on-axis detection for all

bursts.

Since Parkes is less sensitive as compared to Arecibo, we only include the

repeating FRB 121102 sub-bursts for which Speak,obs exceeds the Parkes Sth for

evaluating the repeater cumulative energy distribution (CED). Out of the 88 re-

peating bursts from FRB 121102 that we consider here, 65/55/46/21 bursts would

have been above the Parkes Sth ∼ 0.10/0.13/0.20/0.40 Jy at νobs = 1.4 GHz.

While computing the repeater CED for varying Parkes Sth values, we have ig-

nored the effect of different observing frequencies for Parkes as compared to the

FRB 121102 observations from Arecibo, GBT and Effelsberg.

The top panel of Figure 4.2 shows the chi-squared PL, exponential and gaus-

sian (with zero mean) fits for the CED of FRB 121102 along with the Ṅ(> Eobs)

upper limits for the non-repeating FRBs. While the repeating FRB CED is nor-

malized with its total observing time tobs = 235.7 hr, the Ṅ(> Eobs,i) values
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Table 4.1: The follow-up observation information for repeating FRB 121102 and
non-repeating Parkes FRBs listed in Table 6.1. The redshift z and burst energy
Eobs are inferred by assuming a fixed host galaxy DM contribution DMhost =
100 pc cm−3. None of the 13 listed FRBs were observed to repeat in spite of
dedicated follow-up efforts ranging from few hours to ∼ 1000 hours with Parkes.
The follow-up observational data has been obtained from Keane et al. (2012),
Thornton et al. (2013), Ravi et al. (2015), Petroff et al. (2015), Champion et al.
(2016), Petroff et al. (2017) and Bhandari et al. (2018).

FRB Telescope Speak,obs Fobs z Eobs tobs

(Jy) (Jy ms) (1042 erg) (hr)

010621 Parkes 0.53 4.24 0.20 0.03 15.5

090625 Parkes 1.14 2.19 1.06 0.53 33.65

110220 Parkes 1.11 7.31 1.12 1.94 1.75

110626 Parkes 0.63 0.89 0.81 0.12 11.25

110703 Parkes 0.45 1.75 1.33 0.65 10.1

120127 Parkes 0.62 0.75 0.61 0.06 5.5

121002 Parkes 0.43 2.34 2.00 1.86 10.25

121102 Arecibo, GBT, Effelsberg † 0.19 235.7

130626 Parkes 0.74 1.47 1.09 0.37 9.5

130729 Parkes 0.22 3.43 1.01 0.75 10

131104 Parkes 1.16 2.75 0.85 0.43 78

140514 Parkes 0.47 1.32 0.62 0.11 19.2

150215 Parkes 0.70 2.02 0.82 0.28 17.5

151230 Parkes 0.42 1.90 1.13 0.52 54.9

† The follow-up data for the repeating FRB 121102 is obtained from Spitler et al.
(2016), Scholz et al. (2016), Scholz et al. (2017), Law et al. (2017), Hardy et al.
(2017),Michilli et al. (2018), Gajjar et al. (2018) and Spitler et al. (2018).
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for the individual non-repeating FRBs are normalized as Ṅ(> Eobs,i) = 1/tobs,i,

where tobs,i is the observing time corresponding to the i-th burst (see Table 4.1).

The best fit distribution for the CED of the repeating FRB is found to be:

Ṅ0 exp(−Eobs/E0) with (Ṅ0, E0) = (0.283 hr−1, 4.0× 1039 erg)/(0.247 hr−1, 4.0×

1039 erg)/(0.210 hr−1, 5.0× 1039 erg)/(0.090 hr−1, 6.0× 1039 erg) for Parkes Sth =

0.10/0.13/0.20/0.40 Jy.

4.3 Repetition probability

For each FRB, the threshold energy corresponding to a fluence completeness

threshold Fth is Eth(zi) = 4πD2(zi)Fth(1+zi)(ν
′
max−ν ′min). The average number of

repeating events with energy E ≥ Eth(zi) within time tobs,i for a burst at redshift

zi is

N rep,i =
tobs,i

(1 + zi)

∫ ∞
Eth(zi)

Ṅ0

E0

exp

(
−Eobs

E0

)
dEobs

=
Ṅ0 tobs,i

(1 + zi)
exp

[
−Eth(zi)

E0

]
. (4.1)

If all other FRBs repeat at the same rate Ṅ0 as FRB 121102, the probability of

observing none of the detected bursts to be repeating for a given value of Fth is

P(Fth) =
13∏
i=1

exp(−N rep,i)

= exp

[
−

13∑
i=1

Ṅ0 tobs,i
(1 + zi)

exp

(
−Eth(zi)

E0

)]
(4.2)

Here we assume a simplistic case of Poissonian distribution for the arrival times

of the detected FRB 121102 sub-bursts. However, Oppermann et al. (2018)

have shown earlier that the observed clustering of arrival times for the initial 17
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Figure 4.2: Follow-up observations for the repeating FRB 121102 and the non-
repeating FRBs: Top panel: Power-law, exponential and gaussian fits for the CED
of the repeating FRB 121102. The distribution for the repeater is normalized using
its follow-up observing time tobs = 235.7 hr. The upper limits for Ṅ(> Eobs) of
the 13 non-repeating Parkes FRBs are also shown and are normalized using their
respective tobs values from Table 4.1, Bottom panel: The probability of observing
none of the 13 non-repeating Parkes FRBs to be repeating as a function of the
fluence threshold Fth (see equation 4.2). The probability is computed for different
sensitivities of Parkes Sth = 0.10, 0.13, 0.20, 0.40 Jy.
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sub-bursts from FRB 121102 (Spitler et al. 2016; Scholz et al. 2016) are better

modelled with a Weibull distribution.

Although the mean repetition rates obtained from both Poisson and Weibull

distributions are found to be similar, the probability of non-detection of bursts

is much larger during a continuous observation for Weibull distribution of arrival

times due to the clustering behaviour of the bursts. The estimates for the repeti-

tion rate are therefore expected to be less certain for the Weibull distribution. As

a result, the upper limits on the non-repetition probability P(Fth) are expected

to be weaker than what we obtain for a Poissonian distribution here.

In the bottom panel of Figure 4.2, we show the variation of P(Fth) within a

range of Fth for the 13 non-repeating FRBs with tobs,i listed in Table 4.1. We eval-

uate the P(Fth) curves from equation (4.2) for the (Ṅ0, E0) values corresponding

to Parkes Sth = 0.10/0.13/0.20/0.40 Jy. The fluence completeness threshold for

the Parkes FRBs was derived to be Fth ≈ 2 Jy ms by Keane & Petroff (2015). In

order to obtain an approximate upper limit on P(Fth), here we assume this fairly

optimistic choice of Fth for the non-localized FRBs in Table 4.1.

4.4 Is FRB 121102 representative?

We find that the probability of observing none of the 13 non-repeating FRBs

that have been followed up with Parkes so far to be repeating lies within the

range P(Fth) ≈ 0.8 − 0.9 for Fth ≈ 2 Jy ms and Parkes Sth ∼ 0.1 − 0.4 Jy.

The sensitivity threshold range corresponds to the range of observed FRBs at

Parkes with wobs ∼ 1.0− 8.0. While the actual experimental thresholds might be

somewhat different, the qualitative analysis will not change.
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The probability that we obtain for observing none of the Parkes FRBs to

be repeating is significantly larger than the probability ∼ 0.05 − 0.3 obtained

by Bhattacharya et al. (2019) for a smaller sample size and further supports

repeating FRB as being representative of the entire FRB population. Although

the follow-up observing times tobs,i have increased for the non-repeating FRBs

now, the exponential EDF for the repeating FRB coupled to the difference in the

mean Eobs for the non-repeating and repeating FRBs by almost three orders of

magnitude (see Figure 4.1) implies that the other FRBs need to be followed up

for significantly longer before concluding in favour of distinct FRB populations.

It should however be noted that tobs,i for the FRBs are spread over differ-

ent telescopes with a range of observing frequencies and sensitivities, and a more

rigorous analysis regarding the repeatability of the FRBs would involve using a

uniform sample which is possible once more bursts are followed up in the future. In

addition to the repetition rate, the complex time-frequency sub-structures found

in pulses from both FRB 121102 and FRB 180814.J0422+73 may provide con-

straints on the source emission mechanism. With the rapid observational progress

using the high-resolution CHIME telescope, it will soon be clear whether repeaters

originate from a separate class of progenitors as compared to non-repeating FRBs.
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Chapter 5

FRB spatial density from observed flux

distribution

Although several progenitor models involving both cataclysmic and non-cataclysmic

scenarios have already been proposed for FRBs (see Platts et al. (2018), for a re-

cent review), the nature of FRBs and their sources still remains a mystery. This

is primarily due to the sparse spatial localisation of several arcminutes for most of

the current radio surveys, which makes the identification of the FRB host galaxy

and its association with other electromagnetic counterparts challenging. However,

the distributions of FRB observables such as the flux density and fluence helps

us to statistically constrain the properties of the FRB progenitors as they are

linked to the source luminosity function as well as the evolutionary history of the

cosmic rate density (Bera et al., 2016; Caleb et al., 2016; Oppermann et al., 2016;

Vedantham et al., 2016; Macquart & Ekers 2018; Niino 2018; Bhattacharya 2019).

The distribution of the observed flux density is mainly affected by the pulse

temporal broadening due to multipath propagation and the finite temporal res-

olution of the detection instrument. In this Chapter, we investigate how the

statistical properties of the apparent flux density can be used to constrain the

luminosity and spatial density distributions of the FRB progenitors for events

detected specifically with Parkes. We consider the effects of the telescope beam

shape and temporal resolution on the observed flux distribution in addition to the
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pulse propagation effects. Due to the rapidly evolving nature of this field, we only

consider the FRBs published until February 2019 with resolved intrinsic width and

total DM ≥ 500 pc cm−3 for our analysis here (see Table 1 of Bhattacharya et al.

2019 for the data sample). We assume fiducial values for cosmological parameters

with H0 = 68 km s−1Mpc−1, Ωm = 0.27 and ΩΛ = 0.73 (Planck Collaboration et

al., 2014).

In Section 5.1, we estimate the FRB distances and flux densities assuming

specific host galaxy properties and scattering model for pulse temporal broaden-

ing. In Section 5.2, we obtain the flux density distribution for a given FRB spatial

density and luminosity distribution to compare it with the current observations.

We then perform Monte Carlo (MC) simulations to study the effect of telescope

observing biases, source energy density function and host galaxy properties on

the observed flux distribution in Section 5.3. We conclude with a summary of our

results in Section 5.4.

5.1 FRB distance and flux estimates

The inferred FRB distances are based on the uncertain host galaxy properties

and the source location inside it, with a larger uncertainty in z expected for a

larger host galaxy DM contribution (DMhost) to the total DM (DMtot). In order

to minimize the uncertainty from DMhost, we place a lower DMtot cutoff on the

observed sample considered in this study. The total DM for a given FRB line of

sight is

DMtot = DMMW +
DMhost

(1 + z)
+DMIGM,0

∫ z

0

(1 + z′)dz′√
(1 + z′)3 + 2.7

(5.1)
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where DMMW is the Milky Way (MW) ISM contribution obtained from the

NE2001 model (Cordes & Lazio 2002) and the IGM DM contribution (DMIGM) is

given by the integral over z with DMIGM,0 = 1294.9 pc cm−3. We have assumed

the baryonic mass fraction in the IGM fIGM = 0.83, free electron number density

ne(z) = 2.1×10−7(1+z)3 cm−3 and the ionization fraction x(z) ≈ 7/8 (Ioka 2003;

Inoue 2004; Deng & Zhang 2014).

As the type of the host galaxy, location of the FRB source within its galaxy

and our viewing angle relative to the host galaxy are all fairly uncertain, we assume

a fixed contribution DMhost ≈ 100 pc cm−3 that is comparable to the typical

DMMW contribution for most lines of sight. The inferred redshift is then obtained

directly from equation (5.1) for a given burst and the corresponding comoving

distance to the source is D(z) = (8.49 Gpc)
∫ z

0
[(1+z′)3 +2.7]−0.5dz′. For a typical

uncertainty ∆DMhost ∼ DMhost ≈ 100 pc cm−3 and DMIGM ≈ 750z pc cm−3,

the corresponding error in the inferred redshift is ∆z ≈ 0.2/(1 + z) assuming

∆z ∼ z ∼ 1 for most FRBs in our sample.

The intrinsic width of a FRB pulse can be written in terms of the observed

width wobs and other width components as w2
int = [w2

obs−(w2
DM+w2

samp+w2
sc)]/(1+

z)2. Here, wDM is the dispersive smearing across frequency channels, wsamp is the

observation sampling time and w2
sc = w2

IGM + w2
ISM,MW + (1 + z)2w2

ISM,host is the

pulse scatter broadening across the diffused IGM and ISM components. The

scatter broadening in the host galaxy/MW ISM is given by Krishnakumar et al.

(2015) as

wISM = wISM,0F (1.0 + 1.94× 10−3DM2.0
ISM)

DM2.2
ISM

ν4.4
0,GHz

(5.2)

where DMISM = DMhost/MW is the respective ISM DM component, wISM,0 =
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4.1×10−8 ms, ν0,GHz = ν0/103 is the central frequency in GHz and F = 4f(1−f)

is the geometrical lever-arm factor with f = 25 kpc/[(1 + z)D(z)] (Williamson

1972; Vandenberg 1976). The pulse broadening due to IGM turbulence from

Macquart & Koay (2013) is

wIGM(z) =
kIGM

ν4
0,GHzZL

∫ z

0

dz′d(z′)

∫ z

0

dz′d(z′)(1 + z′)3 (5.3)

where kIGM = 2.94 × 1012 ms MHz4 is a normalisation factor, d(z′) = [Ωm(1 +

z′)3 + ΩΛ]−1/2 and ZL = (1 + z)2
[
(1 + z)−

√
z(1 + z)

]−1

.

As the value of wsc from equations (5.2) and (5.3) is significantly smaller

compared to wobs and wDM (see Bhattacharya et al. (2019)), we have ∆wint/wint =

0.2/(1 + z)2. We find the best-fit cumulative wint distribution to be: N(> wint) =

25.24 exp(−wint/2.092 ms). Although the value of kIGM is fixed using the width

parameters of a particular FRB, wint has a weak dependence on the constant kIGM

as wsc . 10−2wint.

The flux density is reduced due to the pulse broadening from multipath prop-

agation and can be written in terms of the observable fluence Fobs as Speak =

Fobs/wint. The distribution of observed and intrinsic peak flux density distribu-

tions for non-repeating FRBs is shown in Figure 5.1. Moreover, for a Gaus-

sian telescope beam profile the observed flux density is further reduced with

Speak,obs ≈ Speak exp(−r′2/r2
beam), where r′ is the radial distance from the cen-

ter of the beam with radius rbeam. The bolometric luminosity is obtained for a

power-law FRB energy distribution to be (Lorimer et al., 2013)

L =
4πD2(z)(ν ′α+1

max − ν ′α+1
min )(ν2 − ν1)

(1 + z)α−1(να+1
2 − να+1

1 )
Speak (5.4)

where α is the spectral index of the energy distribution, (ν ′min, ν
′
max) is frequency

range for source emission in the comoving frame and (ν1, ν2) is the observing band
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Figure 5.1: Distribution of observed and intrinsic peak flux density distributions
for non-repeating FRBs.
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Figure 5.2: Chi-squared fits for the cumulative distribution of the inferred lumi-
nosities: L values are obtained from equation (5.4) and vary from 1.1×1043 erg/s
to 1.0 × 1047 erg/s with the best fit: 23.0 − 0.0223 L uniform, 17.489 L−0.298

power-law and 18.395 exp(−L/20.741× 1044 erg/s) exponential distributions.
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frequency range. As the emission spectral indices are poorly constrained from the

current observations, we assume α ≈ 0, ν ′min = 600 MHz and ν ′max = 8 GHz for

our analysis here. As D(z) ∝ z, the relative uncertainty in the inferred luminosity

is ∆L/L =
√

(∆Speak/Speak)2 + 4(∆z/z)2.

Figure 6.1 shows the chi-squared fits for the uniform, power-law and expo-

nential cumulative distributions of the inferred FRB luminosities from equation

(5.4). We find that the luminosity varies considerably by almost four orders of

magnitude from ∼ 1043 erg/s to ∼ 1047 erg/s for our sample. We include the un-

certainties ∆L as the x-error bars along with the Poisson fluctuations as errors in

the y-coordinate to obtain the chi-squared fits. While we find that both the power-

law (PL) distribution ∝ L−0.298 and the exponential distribution ∝ exp(−L/Lc)

with cutoff Lc ≈ 20.741 erg/s fit the inferred luminosity fairly well, the former ex-

plains the relative over-abundance of non-repeating FRBs with very large inferred

luminosities & 1046 erg/s better.

5.2 Observed flux distribution

For a population of FRB sources distributed within a distance Rmin to Rmax,

the number of sources with luminosity L having peak flux density larger than

some Speak are

dN

dL
=



∫ DL

Rmin

n(z, L)

1 + z
4πD2dD, R2

min < L/4πSpeak < R2
max∫ Rmax

Rmin

n(z, L)

1 + z
4πD2dD, L/4πSpeak > R2

max

(5.5)

where DL =
√
L/4πSpeak and we assume that n(z, L) = ρ(z)g(L) is independent

of wint. Here g(L) is the luminosity distribution of the FRB source and ρ(z) is
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Table 5.1: Polynomial approximations for N(> Speak) distributions obtained from
equation (5.6) for various distributions of FRB source luminosity function g(L)

and spatial density ρ(z). We define ξ = Lmin/Lmid, Rmin = (1.114 Gpc)S
−1/2
peak ,

Rmid = (7.598 Gpc)S
−1/2
peak , FSFH,PL(x) = 2.03 + 4.96x − 0.874x2 + 0.131x3 −

0.00663x4, FSMD,PL(x) = 6.54 + 0.0155x+ 0.950x2 + 0.143x3 − 0.0517x4.

ρ(z) g(L) = 1/(Lmid − Lmin)

ρNE(z) ∝ S
−3/2
peak (1− ξ5/2)

ρSFH(z) ∝ [−0.606(1− ξ) + 0.668Rmid(1− ξ3/2)− 0.307R2
mid(1− ξ2)

+0.0632R3
mid(1− ξ5/2)− 0.00376R4

mid(1− ξ3)]

ρSMD(z) ∝ [−1.95(1− ξ) + 0.00208Rmid(1− ξ3/2) + 0.334R2
mid(1− ξ2)

+0.0688R3
mid(1− ξ5/2)− 0.0293R4

mid(1− ξ3)]

ρ(z) g(L) ∝ L−1.298

ρNE(z) ∝ S−0.298
peak (1− 0.00406/S1.202

peak )

ρSFH(z) ∝ [S−0.298
peak FSFH,PL(Rmax)− 3.92FSFH,PL(Rmin)]

ρSMD(z) ∝ [S−0.298
peak FSMD,PL(Rmax)− 3.92FSMD,PL(Rmin)]
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Figure 5.3: Comparison of intrinsic Speak = Fobs/wint distribution with that ob-
tained for different g(L) and ρ(z) models: N(> Speak) distributions obtained from
equation (5.6) for uniform/power-law g(L) and NE/SFH/SMD ρ(z) are shown
here. The Speak values for the bursts are scaled up from their actual values by a
factor of 100 for the power-law g(L) to avoid overlap.

the spatial density distribution of the FRB progenitors.

As FRBs with relatively small DMtot ∼ 100 pc cm−3 have already been re-

ported, here we set Rmin = 0 and Rmax ≈ 11 Gpc such that Rmax ≥ (L/4πSpeak)1/2

holds for all the FRBs in our data sample. This further gives the source count to

be

N(> Speak) = 4π

∫ 4πR2
maxSpeak

0

g(L)dL

∫ DL

0

ρ(z)

1 + z
D2dD (5.6)

where N(> Speak) is directly determined from the observations with g(L) and ρ(z)

decided by the nature of the FRB progenitor.

We consider uniform g(L) ∝ 1/(Lmid − Lmin) and power-law g(L) ∝ L−1.298
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distributions, where Lmin = 1.1 × 1043 erg/s and Lmid = 5.1 × 1044 erg/s are the

minimum and median inferred luminosities from our sample.

For the spatial density ρ(z), we consider three different models:

(a) non-evolving population ρNE(z) of FRB progenitors,

(b) spatial density tracking the star formation history (SFH) ρSFH(z),

(c) spatial density tracking the stellar mass density (SMD) ρSMD(z).

We use the formulations of cosmic SFH and SMD given by Madau & Dickinson

(2014),

ρSFH(z) = ψ(z) = ρSFH,0
(1 + z)2.7

1 + [(1 + z)/2.9]5.6
(5.7)

ρSMD(z) = ρSMD,0

∫ ∞
z

ψ(z′)
d(z′)dz′

H0(1 + z′)
(5.8)

where ρSFH,0 = 0.015 M� year−1 Mpc−3 and ρSMD,0 = 0.73 are the normalisation

constants. While ρ(z) is expected to follow ρSFH(z) if FRBs arise from relatively

young population of stars, the spatial density should trace ρSMD(z) if FRB pro-

genitors were to be older stars.

Table 6.1 lists the closest polynomial approximations for the cumulative flux

distributions obtained for the two source luminosity functions and the three FRB

spatial density models considered here. In Figure 6.2, we show the comparison of

the intrinsic Speak = Fobs/wint obtained in Section 5.1 with that computed from

equation (5.6) for the different g(L) and ρ(z) models used here. The p-values

from the Kolmogorov Smirnov (KS) test comparison between the distributions

are listed in Table B.1. We find that the distribution of intrinsic Speak is better

explained by a young population of FRB progenitors with ρ(z) ∝ ρSFH, especially
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for a uniform g(L). While the ρNE and ρSMD spatial densities can be ruled out for

uniform g(L), all three ρ(z) distributions explain the flux density values in case

of a power-law g(L) fairly well.

5.3 Observing biases

We evaluated N(> Speak) for given g(L) and ρ(z) models in Section 5.2, and

also obtained the width distribution N(> wint) = 25.24 exp(−wint/2.092 ms) in

Section 5.1. However, the pulse width distribution is directly affected by the

temporal resolution of the telescope as a coarse time resolution makes it harder to

detect a pulse with smaller wobs due to the instrumental noise. Furthermore, there

is an observing bias against bursts that are smeared over larger wobs and/or have

larger wint, as the instrument sensitivity decreases gradually with increasing wobs.

In addition to the instrument temporal resolution, the observed flux distribution

is also affected by the beam shape of the telescope used for the event detection.

To include the effect of these observing biases on N(> Speak), we perform MC

simulations to obtain the flux distribution (see Section 3.2 of Bhattacharya et al.

(2019) for a detailed code algorithm).

From the known N(> wint), g(L) and ρ(z) distributions, we generate a

population of 1000 FRBs that can be detected at the Parkes multibeam (MB)

receiver with a signal-to-noise ratio S/N ≥ 9. The Parkes MB receiver has

13 beams with beam radii rbeam = 7.0′ (7.05′) [7.25′] and beam center gains

Gbeam = 0.731 (0.690) [0.581] K Jy−1 for beam 1 (2-7) [8-13] (see Staveley-Smith

et al., (1996) for the system parameters).

As the FRB source location within its host galaxy is highly uncertain, we
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Figure 5.4: Comparison of observed Parkes Speak with simulated Speak distributions
for different g(L) and ρ(z) models, α = 0,−1.4 and β = 1.0: Simulated N(>
Speak,obs) distributions for constant/uniform/power-law g(L) and NE/SFH/SMD
ρ(z) are shown for α = 0,−1.4 and β = 1.0. We rescale the Speak,obs values by
a factor of 0.1/1/10 for the constant/uniform/power-law g(L) in order to avoid
overlap with each other. The solid/dotted/dot-dashed lines for each g(L) denote
the NE/SFH/SMD ρ(z) distribution.
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for different g(L) and ρ(z) models, α = 0,−1.4 and β = 10.0: Simulated N(>
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a factor of 0.1/1/10 for the constant/uniform/power-law g(L) in order to avoid
overlap with each other. The solid/dotted/dot-dashed lines for each g(L) denote
the NE/SFH/SMD ρ(z) distribution.
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assume for simplicity that all the detected bursts are located at the position of

the Solar system. We estimate the host galaxy DM contribution as DMhost =

βDMNE2001, where β is the scaling factor related to the host galaxy size compared

to the MW and DMNE2001 is predicted by the NE2001 model (Cordes & Lazio

2002). The assumption about the location of the FRB source will not affect our

analysis here qualitatively as DMtot � DMhost for most of the reported bursts.

In Figures 6.3 and 5.5, we show the comparison of the observed Speak at Parkes

with that obtained from the simulations for different g(L) and ρ(z) models. We

perform these simulations for constant, uniform and power-law g(L) along with

NE, SFH and SMD ρ(z) distributions. We also vary the energy density spectral

index α = 0,−1.4 and the DMhost parameter β = 1, 10. The best-fit value of

α ≈ −1.5 was recently obtained by Macquart et al. (2019) from the spectra of 23

FRBs detected with ASKAP (Bannister et al. 2017; Shannon et al. 2018).

We list the p-values obtained from the KS test comparison for all these cases

in Table B.1. We perform all KS tests under the null hypothesis that the two

samples were drawn from the same distribution unless the p-value < 0.05.

We find that FRBs most likely do not originate from older stars as ρ(z) ∝ ρSMD

is unfavored by the current Parkes observations for all g(L) models and (α, β)

combinations. Moreover, power-law g(L) ∝ L−1.298 over-estimates the occurrence

of brighter events for all FRB spatial density distributions. The FRB source

luminosity distribution is better modelled with a sharp cutoff around Lmid ≈

5× 1044 erg/s.

For all g(L) distributions and (α, β) combinations, we find that the FRB

progenitors are most likely to be younger stars with population density history
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Table 5.2: KS test p-values obtained from the comparison of N(> Speak) dis-
tributions in Figure 6.2 (from equation 5.6) and Figures 6.3 and 5.5 (from MC
simulations) with the observed FRB population. We consider constant, uniform
and power-law luminosity distributions along with NE (SFH) [SMD] spatial den-
sity models.

Case g(L) = δ(L− Lmid)

Equation 5.6

(α = 0, β = 1) 0.084 (0.247) [0.019]

(α = −1.4, β = 1) 0.040 (0.070) [2.49× 10−4]

(α = 0, β = 10) 0.127 (0.156) [0.015]

(α = −1.4, β = 10) 0.034 (0.125) [3.72× 10−4]

Case g(L) = 1/(Lmid − Lmin)

Equation 5.6 0.055 (0.402) [0.024]

(α = 0, β = 1) 0.111 (0.225) [0.009]

(α = −1.4, β = 1) 0.025 (0.127) [2.41× 10−4]

(α = 0, β = 10) 0.159 (0.162) [0.008]

(α = −1.4, β = 10) 0.047 (0.156) [3.48× 10−4]

Case g(L) ∝ L−1.298

Equation 5.6 0.227 (0.214) [0.306]

(α = 0, β = 1) 3.05× 10−4 (3.05× 10−3) [2.03× 10−3]

(α = −1.4, β = 1) 3.48× 10−4 (2.49× 10−3) [2.03× 10−3]

(α = 0, β = 10) 4.69× 10−4 (1.41× 10−3) [3.05× 10−4]

(α = −1.4, β = 10) 1.77× 10−4 (1.64× 10−3) [3.14× 10−3]
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tracing the cosmic SFH as the likelihood of ρ(z) ∝ ρSFH is found to be larger

compared to ρ(z) ∝ ρNE. Lastly, while ρ(z) ∝ ρNE with α = 0 and β ∼ 1 − 10

is a likely scenario, ρ(z) ∝ ρSFH is the most favoured possibility from the current

observations for α = 0 and β ∼ 1. Most events are therefore expected to arise from

young stars with a relatively flat energy density distribution and a host galaxy

DM contribution similar to that of the MW.

5.4 Summary and conclusions

In this Chapter, we have presented a method to constrain the source lumi-

nosity function and spatial density distribution of the FRB progenitors from the

statistical properties of the observable flux density. As the sample of the reported

FRBs is rapidly growing and largely heterogenous, we restrict our analysis to the

Parkes FRBs that were published until February 2019 with DMtot ≥ 500 pc cm−3

and have resolved intrinsic widths. We apply a lower DMtot cutoff to minimize the

errors in the distance estimates and subsequently the inferred luminosities that

are based on the assumptions about the host galaxy properties and the source

location inside it. Here we consider ρ(z) corresponding to a non-evolving popula-

tion ρNE/young stellar population tracking ρSFH/older stellar population tracking

ρSMD along with constant/uniform/power-law g(L) distributions.

Assuming scattering model for pulse temporal broadening from multipath

propagation and a fixed DMhost contribution, we derived N(> Speak) for a FRB

population with given spatial density and luminosity function. We found that

the intrinsic N(> Speak) distribution for the FRBs observed with Parkes is likely

due to a population density of young stars ∝ ρSFH and luminosity function with
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Figure 5.6: Comparison of observed Parkes Speak with simulated distributions for
different g(L) functions: Simulated N(> Speak) distributions for exponential and
power-law g(L) with indices -1.298 and -3.0 are shown for α = 0, β = 1.0 and
SFH n(z). We rescale the flux values for exp(−L/5.1× 1044 erg/s)/L−1.298/L−3.0

by a factor of 0.1/1/10 to avoid overlap. The corresponding p-values are 0.196,
3.05× 10−3 and 0.213.

a sharp cutoff around Lmid ∼ 5.1 × 1044 erg/s. While the inferred power-law

g(L) ∝ L−1.298 can explain the abundance of sources with large luminosities, the

spatial density models are found to be practically indistinguishable from the cur-

rent observations. In addition to the pulse broadening due to propagation effects,

the observed flux distribution is also affected by the instrumental effects in the

detection equipment such as the telescope beam shape and temporal resolution.

While a coarse temporal resolution makes it less likely to detect a pulse with small

wobs due to the instrumental noise, there is also an observing bias against events

with large wobs due to reduced telescope sensitivity.

We performed MC simulations to understand the effects of telescope observing
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biases, FRB energy density function and host galaxy properties on the observed

flux distribution. We found that FRBs are unlikely to originate from relatively

older stars with ρ(z) ∝ ρSMD and should have a luminosity function that is steeper

than the inferred g(L) ∝ L−1.298 based on the current detection rate of the brighter

events with Parkes. Figure 5.6 shows the comparison of observed Parkes Speak with

that from simulations for α = 0, β = 1.0 and SFH ρ(z) model. The simulations are

carried out for g(L) ∝ exp(−L/5.1×1044 erg/s), g(L) ∝ L−1.298 and g(L) ∝ L−3.0.

We find that the source luminosity function is better modelled with a relatively

steeper power-law g(L) with index . −3.0 or an exponential g(L) with luminosity

cutoff Lc ∼ Lmid.

Based on the current Parkes observations, we have found that the FRB pro-

genitors are most likely to be younger stars with spatial density tracing the cosmic

SFH, have a relatively flat source energy density spectrum with α ≈ 0 and a host

galaxy DM contribution β ≈ 1 that is similar to that from the MW. As the

observed sample of FRBs further grows with detections made at finer temporal

resolutions and with better source localisations across multiple surveys, stronger

constraints can be applied using our analysis on the source luminosity function

and the evolutionary history of the cosmic rate density from the observed flux

distribution.
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Chapter 6

Summary and future work

In this thesis, we first presented a method to study the true properties of

the observed non-repeating and repeating FRBs, and used detailed Monte Carlo

simulations to constrain the properties of the FRB sources, their host galaxies

and the intervening turbulent IGM/ISM from the current radio observations. We

further investigated whether the repeating FRB 121102 can be used as a repre-

sentative event for the entire FRB population based on its energy distribution

function and the current FRB follow-up observations. We also constrained the

spatial density of these energetic FRB sources directly from their observed flux

density distributions in order to understand the nature of their progenitors.

Although the physical origin of these events is still a matter of open debate

with no concrete information about the progenitor model and/or radiation mech-

anism known at present, the population modelling of the FRB parameters helps

in extracting useful information regarding the physical properties of these radio

bursts from their observations. We have only considered FRBs with DMtot ex-

ceeding 500 pc cm−3 that were published until February 2019 and derived their

true properties self-consistently from the observations without assuming any ini-

tial distributions for the FRB parameters.

As the sample of reported FRBs will continue to expand rapidly with sev-

eral broad-band radio surveys becoming operational, the methods presented in
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this work can be applied in the near future to study the interplay between un-

derlying source distribution, instrument properties and detection statistics. This

will further place tighter constraints on the spectral behaviour, redshift and en-

ergy distribution for FRB sources as well as the properties of the host galaxy

and burst local environment. In a future work, we plan to extend our analysis

to a broader inhomogeneous FRB sample obtained from several wide-field sur-

veys which will allow us to perform a parametric study using detailed maximum

likelihood analysis.

6.1 Model assumptions and implications

We estimated the individual burst distances by assuming a fixed host galaxy

DM contribution and intrinsic pulse widths from two different scattering models

for the temporal broadening due to multipath propagation of the pulse through

ionized plasma. While wISM is suppressed relative to wIGM by the geometrical

lever-arm factor ∼ 4f(1 − f) for both scattering models, wIGM for model 2 is

based on a theoretical model for IGM turbulence as opposed to an observationally

established empirical fit for model 1.

After computing Speak,int from wint and Fobs, we obtained the bolometric lu-

minosity and energy for the bursts for a flat FRB energy spectrum with coherent

emission within frequency range ν ′min = 600 MHz to ν ′max = 8 GHz. In our anal-

ysis, we have obtained the best fit cumulative distributions for wint and Lint by

including the biases due to the relatively uncertain DMhost contribution to DMEx,

assumptions about the DMIGM/ISM dependence of wIGM/ISM from the scattering

models considered and the peak flux density reduction due to the finite beam size
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of the telescope.

It should be noted that a larger host galaxy DM contribution would result in

a smaller inferred z from equation (5.1) leading to a correspondingly small DM

contribution from the IGM. The IGM scatter broadening wIGM will then decrease

while wISM,host from the host galaxy ISM increases. As wISM,host is suppressed

significantly relative to wIGM by the geometrical lever-arm factor, there is a net

increase in wint with increase in DMhost. However, as wIGM is almost two orders

of magnitude smaller compared to wint for both populations of FRBs (see Figures

2.1 and 2.2), the resultant increase/decrease in wint/Speak,int is negligible and the

reduction in the inferred L and E values from equation (5.4) can be ignored.

Therefore, the wint and Lint distributions derived for a typical MW-like host galaxy

with DMhost ≈ 100 pc cm−3 in Section 5.1 will not change appreciably. Similarly,

the assumption of a flat FRB energy spectrum with α ≈ 0 within the frequency

range ν ′min = 600 MHz to ν ′max = 8 GHz does not affect the inferred luminosity

values significantly relative to the α ≈ −1.4 case for the Kolmogorov turbulence

spectrum.

In this study, we have used lognormal wint (W1/2: mean µ1/2 = 0 and stan-

dard deviation σ1/2 = 0.25/0.50) and power-law Lint (L1/2: PL index αL,1/2 =

−1/ − 2) as model input distributions to our MC code in order to constrain the

physical properties of the observed FRBs. The distances to the simulated bursts

are initially determined from the FRB spatial density (NE/SFH/PL) and the IGM

contributions to the DM and width of the pulse are computed using z. The host

galaxy DM contribution is obtained by assuming it to be a MW-like galaxy with

the FRB source location similar to the Solar system and scaling DMNE2001 with
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the parameter β ∼ 0.1− 10.

The telescope beam center flux density is then obtained for a PL FRB energy

density Eν′ = kν ′α, observing frequency bandwidth (ν1, ν2) = (ν0 − 0.5νbw, ν0 +

0.5νbw) and FRB coherent emission frequency range (ν ′min, ν
′
max) = (600 MHz, 8 GHz)

from equation (3.3). We modelled the flux degradation due to finite telescope

beam size using a Gaussian beam profile to obtain the Speak,obs from equation

(3.4). The Speak,obs dependent S/N is computed for every simulated burst and the

FRB is detected if its flux density exceeds the telescope sensitivity threshold. We

only consider simulated FRBs with DMtot ≥ 500 pc cm−3 for comparison with the

observed sample to minimize the error in the estimates of the inferred parameters

that are obtained by assuming a specific FRB source location and host galaxy

structure.

6.2 Summary of main results

We compared the properties of the simulated non-repeating/repeating FRBs

with those observed at Parkes/Arecibo in order to constrain the host galaxy DM

relative to MW β, PL energy density spectral index α, scattering in the inter-

vening turbulent plasma and the spatial density n(z) of the FRB sources. We

also discussed whether repeating FRB 121102 is representative of the entire FRB

population based on its repetition rate Ṅ0 and a universal EDF. Lastly, we in-

vestigated the FRB spatial density and progenitor models using the observed flux

density distribution.

In the following, we briefly summarise the main results of our analysis that is

presented in this thesis:
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1. FRB intrinsic width and luminosity distributions: The wint for non-

repeating (repeating) FRBs varies within a broad range ∼ 0.3 − 10 ms

(∼ 0.1 − 8 ms) and the cumulative width distribution is an exponential

function with a cutoff wint,c ∼ 2.0 ms (∼ 1.6 ms), while Lint varies within

∼ 1043 − 1047 erg/s (∼ 1041 − 1043 erg/s) with an exponential cumulative

distribution and cutoff Lint,c ∼ 8.0× 1044 erg/s (∼ 2.7× 1042 erg/s).

The ISM contribution to the width broadening is significantly suppressed

in comparison to wIGM due to the geometry of the scattering medium along

the line of sight to the FRB source with wISM,MW . 10−3 ms and wISM,host .

10−6 ms for non-repeating FRBs and wISM,host/MW . 10−4 ms for repeating

FRBs. As a result, the pulse width broadening due to scattering wsc ≈ wIGM

for both classes of bursts. The scatter broadening of the pulse is found to be

the smallest contribution to the wobs with wsc . 1 ms (wsc . 2 × 10−2 ms)

for the non-repeating (repeating) bursts.

We find that wint is largely scattering model independent for both classes

of FRBs, and the average relative temporal broadening ∆wint/wint ∼ 150%

and ∼ 20% for non-repeating and repeating bursts, respectively. While wDM

is the dominant contribution to the temporal broadening for non-repeating

FRBs with wobs ∼ wint ∼ wDM � wsc, the dispersive smearing in case of re-

peating bursts is significantly smaller with wobs ≈ wint � wDM � wsc. Due

to the small z ≈ 0.19273 for FRB 121102, wsc and wDM contributions are

found to be almost negligible and a considerable fraction of wobs is expected

to come from wint.
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2. Population synthesis simulation results and constraints: For the log-

normal wint and the power-law Lint distributions that we considered in this

work, we find that the simulated observable FRB properties exhibit a rela-

tively weak dependence on the intrinsic model distributions, particularly for

the parametric space that we study here. Furthermore, we find that a larger

observed sample of Parkes FRBs at νobs = 1.4 GHz is required in order to

clearly distinguish between the FRB spatial density models (NE and SFH)

as well as the pulse scatter broadening models due to multipath propagation

(model 1 and model 2). The DM contribution from the host galaxy of the

FRB source is expected to be roughly comparable to the Galactic contribu-

tion with β ∼ 0.1− 1. The Parkes observations for the non-repeating FRBs

favour a large negative value of the FRB energy density spectral index α

within the range -3.0 to -1.5.

We also compared the simulated FRB parameters with the Parkes data to

constrain the peak redshift and low/high-z indices of the power-law FRB

spatial density model. The spatial density of FRBs is likely to be a PL distri-

bution peaking at slightly larger redshifts zcrit ∼ 2.0 compared to the cosmic

SFH. The FRB density is expected to increase up to z ≈ zcrit with a PL in-

dex αl ∼ 0−3 and then drop considerably at larger distances with αu ≈ −3.

3. FRB 121102 repetition and representability: We used the published

FRB follow-up observing data in order to investigate whether FRB 121102

is representative of the entire population. The CED for the repeating FRB

was computed by only including the FRB 121102 bursts for which Speak,obs
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exceeds the Parkes Sth. We obtained an exponential CED Ṅ0exp(−Eobs/E0),

with repetition rate Ṅ0 ∼ 0.090 − 0.283 hr−1 and cutoff energy E0 ∼ (4 −

6)× 1039 erg for Parkes Sth ∼ 0.1− 0.4 Jy.

We find that if all FRBs were to repeat at the same rate Ṅ0 ∼ 0.090 −

0.283 hr−1 and with a universal EDF, the probability of observing none of

them to be repeating will be∼ 0.8−0.9 for Fth ≈ 2 Jy −ms and Parkes Sth ∼

0.1−0.4 Jy. As the universal EDF is found to be an exponential distribution

with a cutoff energy that is much smaller compared to the typical non-

repeating FRB energies, significantly longer FRB follow-up observations are

needed to distinguish between the FRB populations.

The complex time-frequency sub-structures that has been found in repeating

FRB pulses can provide strong constraints on the source emission mecha-

nism, emission zone and physical parameters. With the rapid observational

progress made using the high-resolution CHIME telescope currently, it will

be much clearer in the near future whether the repeaters actually originate

from a separate class of progenitors as compared to the non-repeating FRBs.

4. Spatial distribution of FRB sources and progenitor models: We

have constrained the source luminosity function and spatial density distri-

bution of FRB progenitors using the statistical properties of the observed

flux density. We considered FRBs to be distributed in space according to:

(a) non-evolving population, (b) population similar to younger stars, and

(c) population similar to older stars. We found that the intrinsic flux den-

sity distribution of Parkes FRBs is explained by a population density that
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is similar to that of younger stellar population with a luminosity function

that has a sharp exponential cutoff around ∼ 5× 1044 erg/s.

FRBs are found to be highly unlikely to be originating from relatively older

stellar population and need to have a steep power-law decay with index .

−3.0 for the luminosity distribution, based on the detection rates of brighter

events with Parkes. The FRB progenitors are most likely to be younger

stars with spatial density that traces the cosmic SFH, have a relatively flat

source energy density spectrum and a host galaxy DM contribution that is

similar to that from the MW. With the rapidly evolving observed sample of

FRBs at finer temporal resolutions and better source localisations, stronger

constraints will be applied on FRB progenitors using our analysis in the

near future.

6.3 Future work

Here we discuss the scope of future work and the astrophysical implications

of the rapid growth in the observed FRB population. The properties of the FRB

sources will be explored across a broad range of radio frequencies and dedicated

surveys will continue to search for multi-wavelength electromagnetic counterparts

in the near future. With further characterisation of the underlying source dis-

tributions, we will be able to optimise future searches/follow-ups, identify dis-

tinctions/similarities within the observational sub-classes and also gain valuable

insights about the FRB progenitors, source environments and host galaxy prop-

erties. Below we discuss some exciting directions in the field of FRBs and their

wide-ranging applications.
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6.3.1 Unified emission mechanism for FRBs

The high FRB brightness temperatures Tb > 1033 K coupled with the short .

milliseconds intrinsic burst durations requires coherent emission from a compact

region. Considering the shortest duration burst structures with t ∼ 30 µs detected

until date (Michilli et al., 2018; Farah et al., 2018), implies an emission zone with

size . 10 km. Understanding the origin of these radio bursts and the associated

multi-wavelength emission will give us a better idea of the underlying emission

mechanism for these sources.

Two classes of coherent emission mechanisms have been considered in the

literature thus far: the maser and the antenna mechanism. Using the observed

properties of repeating FRB 121102, Kumar et al. (2017) and Lu & Kumar

(2018) have already shown that the maser mechanism cannot satisfactorily ex-

plain the high observed luminosities of FRBs unless fine-tuned plasma conditions

are invoked. They have shown that antenna curvature emission by the coherent

charged bunches is the most favoured mechanism whereby the bursts are powered

by the magnetic reconnection events that occur close to the surface of a magnetar

with magnetic field B & 1014 G.

Table 6.1 lists the properties of the recently localised non-repeating FRBs

190523, 180924, 181112 (Bannister et al., 2019; Prochaska et al., 2019b; Ravi

et al. 2019b) along with the repeating FRBs 121102 and 180916 (Tendulkar et

al., 2017; Marcote et al., 2020). While the repeating FRBs have been localised

in spiral/dwarf galaxies with low mass, low metallicity and high star formation

rates, the non-repeating sources were found in elliptical galaxies with high mass,

high metallicity and low star formation rates. This naturally raises the question
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Table 6.1: FRB source and host galaxy properties obtained from the recent lo-
calisations of non-repeating FRBs 190523, 180924, 181112 and repeating FRBs
121102, 180916. Here SFR denotes the galactic star formation rate, Lbol is the
estimate for bolometric luminosity and the offset is from the center of the host
galaxy. The data for FRBs 121102, 180916, 190523, 180924 and 181112 are ob-
tained from Tendulkar et al. (2017), Marcote et al. (2020), Ravi et al. (2019b),
Bannister et al. (2019) and Prochaska et al. (2019b), respectively.

FRB Host galaxy z Offset Stellar mass SFR Lbol

(Telescope) (DL/Gpc) (kpc) (M�) (M�/yr) (erg/s)

121102 Low metallicity 0.19 0.5-1 (4− 7)× 107 0.4 4× 1038

(Arecibo) irregular dwarf (0.90)

180916 Massive face- 0.034 4.7 1010 > 0.016 1036

(CHIME) on spiral (0.149)

190523 Massive galaxy 0.66 29 1011 < 1.3 1041

(DSA-10) (4.08)

180924 Massive lenticular 0.32 4 2.2× 1010 < 2 1040

(ASKAP) or early-type (1.5)

181112 Faint galaxy 0.475 2.6× 109 0.6 1039

(CHIME) (2.3)
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whether these two classes of bursts originate from fundamentally different types of

source environments and host galaxies or they are just bursts arising at different

stages of the progenitor evolution. Although the host galaxies of the repeating

FRBs 121102 and 180916 are fundamentally different, in both cases the source is

located near or within an actively star-forming region of their host galaxy.

Due to their specific locations close to the actively star-forming regions within

the host galaxies, young neutron stars born in core-collapse supernovae (CCSNe)

have been proposed to be the possible progenitors for repeating FRBs. Further-

more, the association with star-forming region within dwarf galaxy is similar to

that found in the host galaxies of super-luminous supernovae (SLSNe) and long-

duration GRBs. The large offsets from the host galactic centers along with the

low star-formation rates for the localised non-repeaters indicates neutron star pro-

genitors formed by compact mergers (binary neutron stars or black hole-neutron

star) with properties similar to that of short-duration GRBs.

Apart from the association of repeating/non-repeating FRB progenitors to

neutron stars formed by core-collapse supernovae/compact binary mergers, an

alternate scenario is connecting the activity of the source directly to its stellar

evolution stage. Bhattacharya (2019) and Kumar et al. (2017) have already

shown that FRBs are likely to be episodic outbursts of coherent radiation gen-

erated by the forced reconnection of strong magnetic fields near the surfaces of

young neutron stars with steep luminosity distributions. With the recent locali-

sations, connecting both FRB sub-classes with a unified radiation mechanism is

a worthwhile investigation.

In a likely scenario, the slower variability of the surface magnetic field topology
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for an older neutron star can gradually reduce the likelihood for the reconnection

events to occur and thereby generate episodic bursts of coherent radiation. This

can lead to a gradual transition in the observable FRB properties from repeater-

like to non-repeater-like with less frequent and more energetic bursts produced

over time. The dependence from the neutron star age can be folded into the star

formation rate history as well as the evolution of the magnetar field structure in

order to characterise the progenitor properties and guide future observations.

6.3.2 Constraints on source intrinsic variability timescales

The observed pulse width of each FRB is a combination of an intrinsic com-

ponent and broadening contributions due to propagation and instrumental effects.

FRB pulses show various propagation effects such as dispersive delay, scattering,

scintillation and Faraday rotation, each of which carry important information

about the source local environment and the galactic hosts of FRBs. One should

be careful while interpreting the FRB spectral features in order to differentiate

the propagation effects from the intrinsic component that is primarily dependent

on the FRB source itself.

Propagation effects such as scattering and dispersive delay have strong fre-

quency dependencies and are significantly more prominent at lower radio frequen-

cies. Mapping the evolution of propagation effects across a wide radio frequency

range can help to disentangle the intrinsic signal properties from the extrinsic

propagation effects. As scattering is the dominant effect at low radio frequencies

∼400-800 MHz, the recent observations from CHIME at such frequencies can be

utilised in order to study the pulse temporal broadening models due to turbulence

in the IGM and ISM for both MW and host galaxy. The rise and fall-off regions
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Figure 6.1: The first twenty-eight FRBs discovered with the Parkes telescope,
arranged in the order of date. Each light curve shows a 2 second window around
the pulse. Listed to the left of each pulse are the FRB identifier and to the right
are the observed dispersion measures in units of pc cm−3. Obtained from Petroff
et al. (2019).
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of the observed FRB light curves can also constrain the scattering contribution to

the pulse temporal broadening.

Some FRBs with narrow pulse durations detected with Parkes are still un-

resolved in width after pulse de-dispersion due to the insufficient time and fre-

quency resolutions and only upper limits can be placed on their intrinsic widths

(Ravi 2019). In order to constrain the intrinsic pulse duration and thereby

source variability timescales, characterising the sub-millisecond fluctuations in

the light curves from high-frequency observations (e.g. VLA 4-8 GHz) can be

useful. Searches for finer timescale structures in repeating and non-repeating

bursts should be done at high observing frequencies to avoid pulse smearing due

to scattering.

As the FRB spectral behaviour will still include intrinsic fluctuations or vari-

abilities as well as effects from post-emission propagation processes, the power

spectral density (PSD) of the observed light curves will be useful. For sufficient

time and frequency resolutions that is possible with continuous voltage capture

systems such as Breakthrough Listen (Gajjar et al., 2018), we can directly probe

the sub-millisecond fluctuations related to the source intrinsic variability. These

sub-millisecond fluctuations from the source can then be utilised to place con-

straints on the progenitor models as well as the coherent emission mechanism for

FRB sources.

6.3.3 FRBs as independent cosmological probes

Fast radio bursts detectable across cosmological distances are powerful probes

to study baryonic density distribution, IGM turbulence and magnetic fields, dark

energy equation of state and the reionisation history of the Universe. As FRB

102



Figure 6.2: DM distributions for FRB sources at z ≈ 1 depends on how the
baryons are distributed around galaxy cluster halos along the line of sight. A
more concentrated probability density around the central value indicates more
diffuse gas and stronger feedback. Obtained from McQuinn (2014).

scattering widths are directly correlated with the DM contribution from IGM,

we can perform detailed studies of the IGM free electron density and turbulence

properties, probe the host galaxy DM distribution and establish an empirical

relation based on localised FRBs to obtain cosmic proper distance measures.

While we can link FRB DMs to their redshifts assuming a given set of cos-

mological parameters, we can similarly put direct constraints on the cosmological

model parameters once we independently localise FRBs and obtain the redshifts

of FRB host galaxies. One immediate application of this is the identification of

ionised part of missing baryonic matter in the local Universe. The matter in

stars, gas and dust between galaxies is not sufficient in order to account for all the

baryon content in the Universe. Approximately 30% baryons reside in the warm
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Figure 6.3: Contour lines for constraining w and ΩM . The solid yellow lines,
dashed red lines and dotted blue lines are for SNe Ia, FRBs and BAO data,
respectively. The inset shows the DM − z distribution for 1000 simulated FRBs.
Obtained from Zhou et al. (2014).

intergalactic phase and 15% in hot gas in the low-redshift Universe, with 5% in

the circumgalactic gas in galactic halos, 7% in galaxies and 4% in galaxy clusters.

This still leaves a significant fraction ∼30% of baryons that cannot be accounted

for and are therefore referred to as the missing baryons.

In order to validate the standard cosmological model, finding these missing

baryons is essential. As most of these missing baryons are believed to be residing

in the warm-hot IGM with high temperatures and low densities, they are not easily

detectable as they do not exhibit any significant absorption or emission. Localising

FRBs and measuring their redshifts independently will help us to identify every

ionised baryon along the line of sight and could thereby provide direct detection

of the missing baryons.
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McQuinn (2014) calculated the distributions of FRB DMs with sources at z ≈

1 and showed that the DM dispersion strongly depends on the feedback strength.

The dispersion in FRB DMs for sources located at the same redshift is shown in

Figure 2. We get different FRB DM distributions for sources at same distance

dependent on how far the baryons are extending from the halos of the galaxies

along sightlines and location of baryons within the halo. Zhou et al. (2014) showed

that if sufficient FRBs are detected within a narrow redshift interval, FRBs can be

used to constrain the dimensionless parameter w that characterises the equation of

state of dark energy. The contour lines constraining the cosmological parameters

are shown in Figure 3 where the data for SNe Ia, BAO and FRBs are included.

The primary cosmological applications of a population of localised FRBs in

the near future are:

(a) Detecting missing baryons at low-z: With sufficiently large number of

localised FRBs, we can test whether the baryons are localised within the galactic

halo virial radius or out in the intra-halo medium. The DM variation for FRBs

placed at similar redshifts and the resultant shape of the distribution depends on

the extent of the baryonic distribution around the halos.

(b) High-redshift cosmic rulers: From the dependence of DMIGM on the cos-

mological parameters and therefore the geometry of the Universe, FRBs located

at large redshifts will be crucial in order to place constraints on the dark energy

EoS parameter w(z) beyond what is currently given by the Type Ia SNe and BAO

observations.

(c) Primordial IGM magnetic fields and turbulence: The IGM and host galaxy

scattering can be distinguished based on the redshift dependence of the scattering
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magnitude. Combining the DM information together with scattering, we can

reconstruct the structure and turbulent properties of the baryons in the IGM. If

FRB emission consists of significantly linearised component, the observed FRB

RMs can also be also used to probe the mean IGM magnetic fields.

(d) Probing He reionisation epoch: It is expected that H/He are fully ionised

for redshifts z . 6/z . 3, however the exact reionisation epochs are still unknown.

With sufficient number of localised FRBs up to large redshifts z & 3, studying the

DMIGM variation will allow us to probe the era of He reionisation directly from

the observed variation in the steepness of the DMIGM − z curve.
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Appendix A

Pulse temporal broadening due to IGM

turbulence

Here we derive the expression (equation 5.3) for the pulse temporal smear-

ing due to IGM turbulence for the theoretical model proposed by Macquart &

Koay (2013) [henceforth MK13]. Substituting the scattering broadened angular

image size θsc = fDLS/DSk rdiff from equation (13) of MK13, the IGM temporal

smearing wIGM from equation (15) of MK13 can be written as

wIGM =
DLDSθ

2
sc

cDLS(1 + zL)
=

f 2λ2
0

c(1 + zL)

Deff

4π2r2
diff

(A.1)

where DL/DS/DLS is the angular diameter distance from the observer to the

scattering region/observer to the source/scattering region to the source, zL/zS/zLS

is the corresponding redshift, Deff = DLDLS/DS and λ = 2π/k is the wavelength

in the observer frame.

We consider the case when the diffractive length scale rdiff is smaller com-

pared to the inner scale of the scattering region l with the constant fK = 1.18 to

obtain rdiff = (8.0× 109 m) λ−1
0 SM

−1/2
eff,0 l

1/6
0 from equation (10a) of MK13, where

λ0 = λ/(1 m), SMeff,0 = SMeff/(1012 m−17/3) and l0 = l/(1 AU). The constant

fK is directly associated with the power-law index βK for Kolmogorov turbulence

spectrum with fK = 1.18 corresponding to βK = 4 and rdiff < l.
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Substituting equation (20) of MK13 for the density fluctuation amplitude

from turbulence into equation (23) of MK13, the z-corrected effective scattering

measure can be written as

SMeff(z) = K1

∫ z

0

(1 + z′)3dH(z′)dz′ (A.2)

where dH(z′) = (c/H0)[Ωm(1 + z′)3 + ΩΛ]−1/2 and K1 ≈ (9.42 × 10−14 m−20/3) is

constant for the scattering region outer scale L ∼ 1 pc and Kolmogorov turbulence

spectrum.

Further substituting rdiff in terms of SMeff into equation (A.1) and rewriting

λ0 = c/ν0 gives the temporal smearing timescale (in sec)

wIGM(z) = K2
Deff

(1 + zL)

SMeff(z)

ν4
0

(A.3)

where K2 ≈ (1.56 × 10−32 s)(f 2
Kc

3/4π2)(l0/1 AU)−1/3 is constant and ν0 is the

wave frequency in Hz in the observer frame.

Next in order to simplify wIGM(z) from equation (A.3) in terms of just the FRB

source redshift z, we need to obtain Deff directly from cosmology. It is expected

that the pulse temporal smearing will be maximized when the scattering screen

is placed symmetrically midway along the source to the observer line of sight

(Vandenberg 1976; Lorimer et al., 2013).

Therefore, in order to further simplify the calculations and obtain the max-

imum expected value of wIGM for a given FRB line of sight, we use zL ≈ (1/2)z

with the condition on comoving distances

DL(1 + zL) = DLS(1 + zLS) = 0.5DS(1 + z).
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Lastly, substituting Deff = DLDLS/DS and SMeff(z) from equation (A.2) in

equation (A.3) gives

wIGM(z) =
kIGM

ν4
0,GHzZL

∫ z

0

dz′

[Ωm(1 + z′)3 + ΩΛ]0.5

×
∫ z

0

(1 + z′)3

[Ωm(1 + z′)3 + ΩΛ]0.5
dz′ (A.4)

where kIGM is the redshift independent normalisation factor including K1 and K2,

ν0,GHz = ν0/109 and ZL = 1 + (1/2)z.
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Appendix B

FRB intrinsic parameter distributions

Here we list the best fit distribution parameters for both non-repeating and

repeating FRBs.

Table B.1 lists the functional fit parameters with the corresponding chi-

squared values for the pulse width and luminosity of the non-repeating FRBs.

The repeating FRB width and luminosity distribution fit parameters with the

chi-squared values are listed in Table B.2.

For both non-repeating and repeating FRBs, we consider three different dis-

tributions: power-law, exponential and gaussian, in order to model the width and

luminosity parameters. We also investigate the intrinsic width and luminosity

using two scattering models corresponding to ”Intrinsic 1” and ”Intrinsic 2” (see

Chapter 2 for more details on the specific scattering model parameters).

We find that for non-repeating FRBs, the exponential distribution is the best

fit for both width and luminosity parameters. The power-law model overesti-

mates the width and luminosity in case of repeating FRB 121102 and exponential

distribution is the best bit for both parameters.
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Table B.1: Power-law, exponential and gaussian fit parameters for the width and
luminosity distributions of non-repeating FRBs

Width Distribution Functional fit Reduced χ2

Observed Power-law (34.408± 2.147) w−0.913±0.052
obs 0.295

Exponential (29.928± 1.290) e−wobs/(4.258±0.216) 0.113

Gaussian (20.227± 1.232) e−w
2
obs/2(4.143±0.268)2 0.434

Intrinsic 1 Power-law (13.681± 0.500) w−0.757±0.046
int1 0.326

Intrinsic 2 (12.994± 0.500) w−0.716±0.045
int2 0.356

Exponential (26.048± 1.132) e−wint1/(2.028±0.123) 0.145

(25.209± 0.988) e−wint2/(2.081±0.118) 0.130

Gaussian (19.011± 1.140) e−w
2
int1/2(1.827±0.130)2 0.495

(18.832± 1.105) e−w
2
int2/2(1.832±0.130)2 0.490

Luminosity Distribution Functional fit Reduced χ2

Observed Power-law (12.736± 0.807) L−0.314±0.030
obs 0.933

Exponential (16.732± 1.082) e−Lobs/(11.068±1.788) 0.687

Gaussian (19.067± 1.853) e−L
2
obs/2(2.395±0.383)2 1.311

Intrinsic 1 Power-law (17.686± 0.583) L−0.205±0.024
int1 0.199

Intrinsic 2 (17.804± 0.627) L−0.201±0.025
int2 0.221

Exponential (22.588± 0.580) e−Lint1/(7.700±0.528) 0.053

(22.938± 0.602) e−Lint2/(7.711±0.523) 0.052

Gaussian (19.287± 0.806) e−L
2
int1/2(5.272±0.464)2 0.222

(19.539± 0.826) e−L
2
int2/2(5.243±0.453)2 0.215
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Table B.2: Power-law, exponential and gaussian fit parameters for the width and
luminosity distributions of repeating FRB 121102

Width Distribution Functional fit Reduced χ2

Observed Power-law (40.114± 1.632) w−0.657±0.033
obs 5.255

Exponential (93.887± 0.757) e−wobs/(2.135±0.023) 0.113

Gaussian (71.173± 1.438) e−w
2
obs/2(1.992±0.043)2 0.973

Intrinsic 1 Power-law (35.788± 1.389) w−0.629±0.030
int1 4.355

Intrinsic 2 (36.731± 1.413) w−0.633±0.031
int2 4.359

Exponential (94.470± 0.836) e−wint1/(1.626±0.019) 0.126

(93.264± 0.743) e−wint2/(1.773±0.019) 0.108

Gaussian (71.814± 1.489) e−w
2
int1/2(1.483±0.033)2 1.012

(70.624± 1.464) e−w
2
int2/2(1.651±0.037)2 1.026

Luminosity Distribution Functional fit Reduced χ2

Observed Power-law (2.436± 0.351) L−0.593±0.028
obs 4.228

Exponential (89.749± 1.013) e−Lobs/(0.020±0.001) 0.215

Gaussian (70.157± 1.817) e−L
2
obs/2(0.017±0.001)2 1.579

Intrinsic 1 Power-law (3.363± 0.440) L−0.547±0.026
int1 4.443

Intrinsic 2 (3.534± 0.479) L−0.527±0.026
int2 5.138

Exponential (86.171± 0.987) e−Lint1/(0.027±0.001) 0.232

(86.552± 1.017) e−Lint2/(0.025±0.001) 0.246

Gaussian (68.485± 1.939) e−L
2
int1/2(0.022±0.001)2 1.905

(68.203± 1.967) e−L
2
int1/2(0.021±0.001)2 1.971
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Appendix C

Kolmogorov Smirnov analysis

Here we list the Kolmogorov Smirnov test p-values obtained from the com-

parison between simulated FRB population and observed bursts at Parkes.

Tables C.1, C.2 and C.3 list the KS test p-values γ obtained from the com-

parison of the simulated parameters for NE, SFH and PL spatial densities with

those from the observed population at Parkes.

All the Monte Carlo population synthesis simulations are performed for:

(a) host galaxy DM contribution β = 0.1, 1.0, 10.0,

(b) energy density spectral index α = −3.0,−1.5, 2.0

(c) scattering model 2.

While we consider four different combinations for the intrinsic width and

luminosity models (w1L1, w1L2, w2L1 and w2L2) for NE and SFH n(z), we only

consider w1L1 for PL n(z) as the relative difference between the different intrinsic

models is found to be negligible.

The observables wobs, Speak,obs and DMtot here are the independent param-

eters. The equivalent p-value γeq =
√
γ2
wobs

+ γ2
Speak,obs

+ γ2
DMtot

is used in order

to test the agreement of simulated distribution with that obtained from actual

observations.
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Table C.1: KS test p-values from the comparison of simulated FRB parameters
with the observed Parkes FRBs. The table lists the values for wobs, Speak,obs and
DMtot of the NE non-repeating FRB population. The p-values are obtained for

different β and α combinations with γeq =
√
γ2
wobs

+ γ2
Speak,obs

+ γ2
DMtot

. The p-

values for intrinsic width and luminosity models w1L1/w1L2/w2L1/w2L2 are
listed for each entry.

n(z) β α γwobs
γSpeak,obs

γDMtot γeq

NE 0.1 -3.0 0.711/0.668/ 0.154/0.165/ 0.167/0.179/ 0.431/0.410/

0.659/0.689 0.147/0.167 0.189/0.173 0.405/0.421

(1.0) (0.810/0.678/ (0.183/0.172/ (0.405/0.394/ (0.533/0.464/

0.770/0.665) 0.163/0.186) 0.296/0.394) 0.485/0.459)

[10.0] [0.569/0.581/ [0.006/0.007/ [0.008/0.010/ [0.329/0.336/

0.581/0.567] 0.009/0.005] 0.006/0.010] 0.335/0.327]

-1.5 0.542/0.536/ 0.104/0.071/ 0.040/0.073/ 0.319/0.315/

0.542/0.561 0.052/0.056 0.068/0.080 0.317/0.329

(0.549/0.681/ (0.158/0.133/ (0.068/0.085/ (0.332/0.404/

0.679/0.611) 0.137/0.141) 0.093/0.091) 0.404/0.366)

[0.383/0.389/ [0.020/0.012/ [1.60e− 5/3.32e− 5/ [0.221/0.225/

0.385/0.456] 0.014/0.014] 2.16e− 5/2.90e− 5] 0.222/0.263]

2.0 0.014/0.021/ 0.019/0.028/ 2.08e− 4/9.20e− 5/ 0.014/0.020/

0.018/0.018 0.015/0.023 1.27e− 4/1.17e− 4 0.014/0.017

(0.039/0.036/ (0.029/0.029/ (1.45e− 4/1.61e− 4/ (0.028/0.027/

0.029/0.025) 0.044/0.017) 9.63e− 5/5.97e− 5) 0.030/0.017)

[0.013/0.012/ [0.012/0.014/ [5.42e− 7/4.07e− 7/ [0.010/0.011/

0.013/0.012] 0.008/0.009] 2.92e− 7/1.04e− 7] 0.009/0.009]
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Table C.2: KS test p-values from the comparison of simulated FRB parameters
with the observed Parkes FRBs. The table lists the values for wobs, Speak,obs and
DMtot of the SFH non-repeating FRB population. The p-values are obtained

for different β and α combinations with γeq =
√
γ2
wobs

+ γ2
Speak,obs

+ γ2
DMtot

. The

p-values for intrinsic width and luminosity models w1L1/w1L2/w2L1/w2L2 are
listed for each entry.

n(z) β α γwobs
γSpeak,obs

γDMtot γeq

SFH 0.1 -3.0 0.654/0.759/ 0.326/0.252/ 0.410/0.366/ 0.484/0.508/

0.674/0.738 0.249/0.249 0.328/0.336 0.456/0.490

(1.0) (0.794/0.762/ (0.195/0.188/ (0.506/0.541/ (0.555/0.550/

0.670/0.713) 0.164/0.122) 0.552/0.593) 0.510/0.540)

[10.0] [0.583/0.577/ [0.001/0.001/ [0.023/0.025/ [0.337/0.333/

0.594/0.584] 0.001/0.002] 0.014/0.016] 0.343/0.337]

-1.5 0.407/0.442/ 0.104/0.082/ 0.068/0.068/ 0.246/0.262/

0.497/0.434 0.120/0.095 0.053/0.047 0.297/0.258

(0.449/0.453/ (0.143/0.147/ (0.082/0.076/ (0.276/0.278/

0.503/0.467) 0.169/0.166) 0.066/0.063) 0.309/0.288)

[0.320/0.366/ [0.006/0.008/ [2.867e− 5/3.400e− 5/ [0.185/0.211/

0.361/0.465] 0.010/0.007] 2.599e− 5/4.878e− 5] 0.209/0.268]

2.0 0.014/0.012/ 0.020/0.019/ 3.787e− 4/2.322e− 4/ 0.014/0.013/

0.015/0.017 0.024/0.019 1.573e− 4/4.214e− 4 0.016/0.015

(0.055/0.051/ (0.051/0.071/ (7.375e− 5/2.987e− 4/ (0.043/0.050/

0.079/0.076) 0.055/0.057) 1.405e− 4/1.538e− 4) 0.056/0.055)

[0.011/0.009/ [0.015/0.016/ [7.295e− 7/9.005e− 7/ [0.011/0.011/

0.011/0.014] 0.027/0.013] 7.938e− 7/9.391e− 7] 0.017/0.011]
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Table C.3: KS test p-values from the comparison of simulated FRB parameters
with the observed Parkes FRBs. The table lists the p-values for wobs, Speak,obs

and DMtot for PL population with varying zcrit or varying (αl,αu). The p-values
for the PL population are obtained for cases 1-3. Only w1L1 intrinsic model is
considered for the PL spatial density case. We assume scattering model 2 for all
MC simulations.

PL n(z) (αl,αu) zcrit γwobs
γSpeak,obs

γDMtot γeq

Case 1 (2.7,-2.9) 1.00 0.415 0.105 0.585 0.419

(2.00) (0.728) (0.217) (0.667) (0.584)

[3.00] [0.481] [0.071] [0.070] [0.284]

Case 2 0.730 0.266 0.462 0.522

(0.909) (0.216) (0.830) (0.722)

[0.704] [0.084] [0.193] [0.424]

Case 3 0.578 0.005 0.002 0.334

(0.642) (0.007) (0.003) (0.371)

[0.516] [0.007] [0.015] [0.298]

Case 1 (0,-3) 1.85 0.524 0.097 0.718 0.516

{3,0} {0.221} {0.099} {0.380} {0.260}
[0,0] [0.395] [0.070] [0.494] [0.367]

Case 2 0.597 0.128 0.794 0.578

{0.479} {0.183} {0.531} {0.426}
[0.588] [0.162] [0.573] [0.483]

Case 3 0.238 5.809× 10−5 0.127 0.156

{0.128} {0.032} {0.006} {0.076}
[0.138] [1.678× 10−5] [0.154] [0.119]
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J. Zúñiga. The SUrvey for Pulsars and Extragalactic Radio Bursts - II. New

FRB discoveries and their follow-up. MNRAS, 475(2):1427–1446, April 2018.

[6] N. D. Ramesh Bhat, James M. Cordes, Fernando Camilo, David J. Nice, and

Duncan R. Lorimer. Multifrequency Observations of Radio Pulse Broaden-

ing and Constraints on Interstellar Electron Density Microstructure. ApJ,

605(2):759–783, April 2004.

120



[7] Mukul Bhattacharya, Pawan Kumar, and Duncan Lorimer. Population mod-

elling of FRBs from intrinsic properties. arXiv e-prints, page arXiv:1902.10225,

February 2019.

[8] Mukul Bhattacharya. Constraining FRB progenitors from flux distribution.

arXiv e-prints, page arXiv:1907.11992, July 2019.

[9] M. Caleb, C. Flynn, M. Bailes, E. D. Barr, T. Bateman, S. Bhandari, D. Campbell-

Wilson, A. J. Green, R. W. Hunstead, A. Jameson, F. Jankowski, E. F.

Keane, V. Ravi, W. van Straten, and V. Venkataraman Krishnan. Fast

Radio Transient searches with UTMOST at 843 MHz. MNRAS, 458(1):718–

725, May 2016.

[10] D. J. Champion, E. Petroff, M. Kramer, M. J. Keith, M. Bailes, E. D. Barr,

S. D. Bates, N. D. R. Bhat, M. Burgay, S. Burke-Spolaor, C. M. L. Flynn,

A. Jameson, S. Johnston, C. Ng, L. Levin, A. Possenti, B. W. Stappers,

W. van Straten, D. Thornton, C. Tiburzi, and A. G. Lyne. Five new fast

radio bursts from the HTRU high-latitude survey at Parkes: first evidence

for two-component bursts. MNRAS, 460(1):L30–L34, July 2016.

[11] S. Chatterjee, C. J. Law, R. S. Wharton, S. Burke-Spolaor, J. W. T. Hessels,

G. C. Bower, J. M. Cordes, S. P. Tendulkar, C. G. Bassa, P. Demorest, B. J.

Butler, A. Seymour, P. Scholz, M. W. Abruzzo, S. Bogdanov, V. M. Kaspi,

A. Keimpema, T. J. W. Lazio, B. Marcote, M. A. McLaughlin, Z. Paragi,

S. M. Ransom, M. Rupen, L. G. Spitler, and H. J. van Langevelde. A direct

localization of a fast radio burst and its host. Nature, 541(7635):58–61,

January 2017.

121



[12] CHIME/FRB Collaboration, M. Amiri, K. Bandura, M. Bhardwaj, P. Boubel,

M. M. Boyce, P. J Boyle, C. . Brar, M. Burhanpurkar, T. Cassanelli,

P. Chawla, J. F. Cliche, D. Cubranic, M. Deng, N. Denman, M. Dobbs,

M. Fandino, E. Fonseca, B. M. Gaensler, A. J. Gilbert, A. Gill, U. Giri,

D. C. Good, M. Halpern, D. S. Hanna, A. S. Hill, G. Hinshaw, C. Höfer,
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C. Boisson, J. Bolmont, P. Bordas, J. Bregeon, F. Brun, P. Brun, M. Bryan,

T. Bulik, M. Capasso, S. Casanova, M. Cerruti, N. Chakraborty, R. Chalme-

Calvet, R. C. G. Chaves, A. Chen, J. Chevalier, M. Chrétien, S. Colafrancesco,

G. Cologna, B. Condon, J. Conrad, Y. Cui, I. D. Davids, J. Decock, B. De-

grange, C. Deil, J. Devin, P. Dewilt, L. Dirson, A. Djannati-Atäı, W. Do-
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M. Lorentz, R. Liu, R. López-Coto, I. Lypova, V. Marandon, A. Marcowith,

C. Mariaud, R. Marx, G. Maurin, N. Maxted, M. Mayer, P. J. Meintjes,

M. Meyer, A. M. W. Mitchell, R. Moderski, M. Mohamed, L. Mohrmann,
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