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ABSTRACT
A study of the Fast Radio Burst population

Akshaya Rane

Fast Radio Bursts (FRBs) are a new class of astrophysical phenomena discov-
ered a decade ago that are characterized by extremely bright millisecond duration
radio bursts originating in external galaxies. We have processed archival pulsar sur-
vey data obtained with the 64-m Parkes radio telescope in Australia. We used the
single-pulse search method to search for pulsars, rotating radio transients (RRATS),
and FRBs. RRATSs are Galactic pulsars that emit sporadic pulses. We detected
20 known pulsars and one RRAT in this analysis but we did not find any FRBs.
We combined this null result with the previous searches carried out with Parkes to
constrain an all-sky event rate of FRBs. We used a total of ten surveys and found
an event rate of R = 3.3%57 x 103 events per day per sky above a fluence (observed
flux measured in Janskyxobserved width of the pulse in milliseconds) limit of 4.0
Jy ms at the 99% confidence level.

We also carried out a search for host galaxies for RRAT's that are at the edge
of our Galaxy and therefore present a possibility of being an FRB. We did not find
any host galaxy which is within the search beam radius of each of these RRATS.
This study suggested that a search for host galaxies should be carried out for future
RRAT discoveries for which the dispersion measure (DM) is within the uncertainty
of the Galactic free electron density model since these RRATSs could be residing in
nearby galaxies and could therefore be FRBs.

We also investigated the FRB population by carrying out Monte Carlo simu-
lations of FRBs which have different energy and luminosity distributions. From the
maximum likelihood analysis, we found that the known population of FRBs can be
best expressed with having Gaussian distributed energy values and has a luminosity
distribution that is a power law. The mean energy and luminosity of this distribu-
tion were determined to be 4.7 x 10*ergs and 1.1 x 10%ergs s~! respectively. We
concluded that the need to have a power law luminosity distribution implies that
FRBs are unlikely to be standard candles. Our main assumption in this analysis was
that FRBs are uniformly distributed in the sky (model 1). For the best-fit model,
we simulated a distribution that followed star formation history (model 2). We
performed Kolmogorov-Smirnov test comparing these two models with each other
and with the known sample. From these tests, we conclude that the DM distribu-
tions indicate that FRB progenitors do follow the cosmic star formation history. We
demonstrate that the two models are distinguishable if the known sample contains
at least 100 FRBs.
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Chapter 1
Introduction

1.1 Radio transient sky

A large number of transient sources are currently known. The known classes
of sources emit on timescales ranging from nanoseconds up to as long as years but
still short relative to the typical timescales of events in the Universe. Sources from
the planetary scale to super-massive black holes can exhibit transient behavior.
Astronomers have been observing transient phenomena in the sky for centuries.
Some of the early examples include recording of the nearby supernova (SN) that
created the Crab Nebula in AD 1054, and SNe of AD 1604, 1572, 1181, 1006.
There are some records of possible novae or SNe before AD 1000 as well. All of
these historical observations are described in detail in Stephenson & Green (2002).
Since then, telescopes probing the entire electromagnetic spectrum have detected
many other classes of transient sources. These include the Sun, planets, brown
dwarfs, flare stars, X-ray binaries, ultra-high energy particles from cosmic rays, -
ray bursts, maser flares, active galactic nuclei, radio supernovae, and pulsars (Cordes
et al., 2004). Observations of the radio sky in the last century have resulted in the
discovery of several classes of radio transients. These transient sources offer unique
opportunities to study the astrophysics of these objects and the variability timescales

could be used as an early diagnostic of source class in future radio transient surveys.



The Sun is the brightest radio source in the sky, and varies over an 11-year so-
lar cycle. The solar emission at 10—40 MHz correlating with periods of high sunspot
activity was the first radio transient phenomenon observed (Appleton, 1945). The
radio bursts from the Sun are labelled as Types I-V and range from a few seconds up
to several weeks and are observed at frequencies below 300 MHz (Dulk, 1985). Most
of these bursts are caused by variations in the solar plasma. When electrons are
accelerated to energies of a few keV in the solar active regions, they travel outward
through the corona and solar winds. Since the electron density decreases as a func-
tion of height in the solar atmosphere, the plasma frequency (which is proportional
to the square of the electron density) also decreases with height. At each successive
height, electrons excite plasma oscillations at the local plasma frequency generating
radio emission. The planets in our solar system which have magnetospheres includ-
ing Earth, Jupiter, Saturn, Uranus, and Neptune show auroral radio emission that
lasts a few seconds (Zarka, 1998). This emission originating in the high magnetic
latitude regions is caused by energetic electrons striking the atmosphere. Several
authors (Farrell et al., 1999; Zarka et al., 2001; Lazio et al., 2004) have suggested
that extrasolar planets would also produce similar bursts and detection of radio
emission can lead to direct detection of extrasolar planets.

Outside of our Solar System, the nearby Galactic flare stars (red dwarfs) emit
solar-like bursts ranging from milliseconds to days. These flares are broadband
emission. Ultra-cool brown dwarfs and low mass stars have also been seen to emit
periodic radio emission (Hallinan et al., 2007) of the order of 100 pJy at frequencies

between 5 and 8 GHz. This is the stimulated spectral line emission, typically in



the microwave portion of the electromagnetic spectrum known as the maser (Mi-
crowave Amplification by Stimulated Emission of Radiation) emission and confirm
the existence of stellar magnetic fields of the order of a few k. These bursts are
rotationally driven from a star with a dipole field, similar to pulsars. The pulses last
for several minutes and repeat on timescales of 2—3 hours (Hallinan et al., 2008).

Earth is constantly bombarded with ultra-high energy cosmic rays with en-
ergies between 10'® — 10%° eV. This bombardment results in nano-second duration
radio bursts at frequencies of a few Hz to a few hundred MHz that are extremely
bright (~ 10 Jy; Huege & Falcke 2003). But since the cosmic magnetic fields deflect
their paths, their source of origin remains unidentified.

Radio emission has also been detected from gamma-ray-bursts (GRBs) and
SNe in the form of a radio afterglow. The collision of the supernova shock wave into
the ionized circumstellar medium produces incoherent synchrotron radiation which

is visible across a range of radio frequencies (Weiler, 1983).

1.2 Pulsars

As a massive star runs out of fuel in its core, it collapses in on itself, creating
a massive explosion called a supernova. A neutron star is what is left of the core
after this explosive death. The existence of a neutron star as the end point of
stellar evolution was proposed by Baade and Zwicky in 1934. Over thirty years
later, Jocelyn Bell at Cambridge found sources which emitted individual pulses

with durations of 10s of milliseconds (Hewish et al., 1968), suggesting associations



with oscillations of white dwarfs or neutron stars from within the Galaxy. This
source is designated as PSR B1919+21; indicating its position in right ascension
and declination with B corresponding to the epoch Besselian 1950. Since then the
field of pulsar astronomy has evolved by carrying out numerous surveys with large
radio telescopes. At the time of writing, the ATNF (Australia Telescope National
Facility) data network has recorded about 2613 pulsars, including sources in nearby
satellite galaxies (Manchester et al., 2005).

Pulsars are excellent tools to study a wide variety of astrophysical phenom-
ena, including neutron star physics, the interstellar medium, general relativity, and
gravitational waves. The incredibly stable periods of pulsars, especially the mil-
lisecond pulsars (MSPs), make pulsars excellent probes of extreme physics. For
example, studies of the interior of a neutron star provides insight into understand-
ing of the properties of matter under extreme pressure. If the pulsar is in a binary
system, then the periodic Doppler shifts in the pulse arrival times can be analyzed
to reveal the presence of the companion, its mass, and how the companion star is
evolving. Pulsars can also be used to study the Galactic magnetic field. Pulsar mag-
netospheres provide tools to study plasma physics under extreme conditions. For
detailed discussion on these methods, see Lorimer & McLaughlin (2010); Kramer
(2016).

According to the commonly accepted model, the pulsar emission is from a
rapidly rotating, highly magnetized neutron star and is generated in the open mag-
netic field line region at the star’s magnetic poles. As the star spins, the highly
focused beams of radiation from the poles sweep across the sky like a lighthouse and

4



if one of these beams intersects the line of sight with Earth the star is seen as a pulsar
(Gold, 1968; Pacini, 1968). When a neutron star is formed, angular momentum is
conserved, hence it starts spinning rapidly and due to the conservation of magnetic
flux, the magnetic field also increases. The surface magnetic fields of pulsars range
from 10% — 10'* Gauss. A typical radius is 10 km and the observed masses are in
the range of 1.4 to 2 M, (Ozel & Freire, 2016). The emission that we see is made
possible by the steady conversion of rotational kinetic energy into acceleration of
particles along open magnetic field lines at the polar caps. As a result of magnetic
dipole braking radiation, pulsars gradually slow down.

Most pulsars have spin periods (P) of the order of a few hundred milliseconds

1 as can be seen in Figure 1.1, known as

and slow down rate (P) near 107 s s~
the period-period derivative plot or ‘P — P diagram’ for pulsars. There is another
population of pulsars that spin with millisecond periods and P < 10719 s 7 (Ozel
& Freire, 2016). These are known as millisecond pulsars (MSPs) and are seen in the
lower left of the P — P diagram. The very first MSP (B1937421) with a period of
~ 1.6 ms was discovered in 1982 using the Arecibo telescope (Backer et al., 1982).
MSPs are believed to be old neutron stars that have been spun-up by the accretion
of matter and angular momentum from a binary companion to the pulsar and are
often referred to as “recycled” pulsars. The fastest spinning pulsar that has been
observed is PSR J1748—2446ad, with a spin period of 1.39 ms (Hessels et al., 2006).
Lorimer (2008) reviews the properties and evolution of millisecond pulsars.

Pulsar emission is relatively broadband i.e. most pulsars are observable from

GHz to a few tens of MHz. Gamma-ray emission has also been detected from both
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Figure 1.1: P — P diagram for Galactic pulsar population.



young and old pulsars (Abdo et al., 2009). The rapid rotation of the neutron star,
combined with its strong magnetic field, leads to a large electric field which accel-
erates particles to extremely high energies. These ‘primary’ particles emit gamma
rays which decay into ‘secondary’ electron-positron pairs, and the radio emission is
attributed to these outflowing secondary pairs. The gamma-ray emission peak is
typically offset from the peak radio pulse suggesting that emission at high energies
takes place higher in the pulsar magnetosphere, further from the surface than the
narrowly-beamed radio emission (Weltevrede et al., 2010).

Another type of neutron star, known as a magnetar, has an extremely strong
magnetic field (B ~ 10" Gauss). These are seen in the top right corner of the P — P
diagram. They have very long spin periods with P > 2 s and P > 1073 s s~ L. In
magnetars, the magnetic field decay powers the emission of high-energy electromag-
netic radiation, particularly X-rays and gamma rays. The existence of such objects
was proposed in 1992 by Duncan & Thompson (1992) but the first magnetar de-
tection as a burst of gamma rays was reported in 1979 (Mazets, Golenetskij, &
Guryan , 1979; Mazets et al., 1979; Mazets & Golenetskii, 1981). Despite their large
magnetic fields, their spin-down energies are far too low to account for their X-ray
luminosities. These are known as anomalous X-ray pulsar (AXP). Also, soft gamma
ray repeaters (SGRs) are believed to be magnetars. Currently, 29 magnetars are
known. More details on magnetar populations and their emission mechanism can

be found in a recent review by Kaspi & Beloborodov (2017).



1.3 Propagation effects

A radio telescope records pulses across some observing bandwidth with a par-
ticular sampling rate. The ionized material in the interstellar medium (ISM) affects
this pulsar signal as it travels from the source through the Galaxy before reaching

the telescope. These effects are dispersion, scintillation and scattering.

1.3.1 Dispersion

Pulse dispersion refers to the frequency dependence of the group velocity of
radio waves, seen as the sweep in the frequency versus time plot (Figure 1.2). It
causes the higher frequency pulses to arrive earlier at the telescope than their lower
frequency counterparts. To derive the time delay due to this dispersion, we define

the refractive index pu of the ionized gas for a wave with observing frequency v

Y
p=\1=7 (1.1)
where the plasma frequency v, is
Ne€?
= ) 1.2
Vp p— (1.2)

Here e and m, are the charge and mass of an electron respectively, and n, is the
electron number density. A typical interstellar electron density is 0.03 cm ™3 (Gomez-
Gonzalez & Guelin, 1974), corresponding to a plasma frequency of 1.5 kHz. The

group velocity at which the pulse travels is vy, = ¢t and it should be less than ¢ for
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Figure 1.2: The dispersion in the frequency versus time plot for PSR J0837—4135
showing that the higher frequency components arrive earlier than the lower fre-
quency components.



the wave to propagate. Over a distance d, the pulse will be delayed in time with

respect to the free-space travel time as

d
= a_ C—i (1.3)
0 Vg C
Substituting for v,
ez [Tndl  d
t= —0—2 - —. (1.4)

2Tmec Vv c

The integral of column density of free electrons along the line of sight is the dispersion

measure (DM), i.e.,

d
DM:/ nedl. (1.5)
0

Across the observing band, the delay between consecutive frequency channels

11
At =415 % 10°x DM | = — = | ms. (1.6)
vi 13

DM is given in units of cm™3 pc and for most practical cases in which the central
observation frequency v is much greater than the channel width Av, the dispersive

delay across a frequency channel of width Av is
A
At 283 x 106 x DM X — ms. (1.7)
v

In this expression, Av and v are in MHz. The free electron density, n., varies along

different lines of sight in the Milky Way. The NE2001 model (Cordes & Lazio, 2002)
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Figure 1.3: Multipath propagation for the pulsar radiation that travels through
inhomogeneities in the turbulent plasma. The effect is seen as exponential tails in
the pulse profile.

which describes the structure of ionized gas in the Galaxy gives the estimated n,
along every line of sight and is the most widely used model. Therefore, if a pulsar
is observed across a frequency band, the DM can be inferred using Equation 1.7.
Assuming the NE2001 model, the DM can be used to estimate the distance to the

pulsar by numerically integrating Equation 1.5.

1.3.2  Scattering

The ionized medium is also turbulent and as a result, the waves are scattered
and take slightly longer paths to reach the observer relative to radiation that arrives
along the direct line of sight. This smearing arising due to multipath propagation
as the radiation travels through inhomogenities in the turbulent plasma is seen as
exponential tails in the pulse profiles (see Figure 1.3) and can give information about

the intervening medium.
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The ionized interstellar medium also has some small-scale irregularities. This
interstellar scintillation causing fading of radio signals from pulsars was first iden-
tified by Rickett (1969) who showed that these fluctuations could be clearly distin-
guished from other kinds of fluctuation intrinsic to pulsars. This turbulence has
both diffractive and refractive effects on the pulsar radiation. Diffractive scintil-
lation can be observed as short timescale (~minutes) fluctuations in the intensity
of the pulsar signal in narrow (~1 MHz) frequency bands (e.g., Cordes & Rickett,
1998). Scheuer (1968) developed a basic model to explain this scintillation. The
model assumes that the interstellar medium is a thin screen of inhomogeneous mat-
ter, placed midway between the pulsar and the observer. The phase perturbations
of the signal produced by such a screen are correlated over a scintillation bandwidth
AVseary o< v*. Refractive scintillation on the other hand causes longer term, less deep
variations in the flux density (Sieber, 1982). The scattering timescale, tscatt, 1S in-
versely proportional to Avge.i. Measurements show that more distant pulsars with
higher DM, in general, will be more scattered (Bhat et al., 2004). The scattering

measure (SM) gives the amount of turbulence along the line of sight

d
SM:/ Czdl, (1.8)
0

where Cy is the local amplitude of the turbulence as a function of distance which
is proportional to the square of the electron density. The scattering timescale is
therefore proportional to the scattering measure. We can also compute the scattering

measure for various models of the turbulence.
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1.4 Searching for pulsars

After the first discovery, numerous radio surveys were designed to discover
pulsars and a few more bright pulsars were discovered through searches for individual
pulses (Lyne & Rickett, 1968; Staelin & Reifenstein, 1968). However, soon after that,
the primary method of searching for pulsars shifted to periodicity searches as it was
more productive (Hulse & Taylor, 1974) and it has still remained the most widely
used method. In this standard strategy, initially the raw data are de-dispersed,

which produces a time series that can be analyzed to search for pulses.

1.4.1 De-dispersion

The amount of dispersion seen in the Figure 1.2 is unique to each pulsar
signal. When searching for a pulsar, the DM is initially unknown. Therefore, a
search over many trial DMs is necessary to determine the correct DM. For each trial
DM, the time delay is calculated using Equation 1.7 and the quadratic sweep across
the observing band is removed by appropriately shifting the frequency channels.
This step is known as de-dispersion. Then the signal is averaged over all channels
to get a one dimensional time series for each trial DM (see Figure 1.4). For all
astrophysical sources, DM> 0 pc cm 3. However, the raw data might have unwanted
short duration or narrow channel radio frequency interference (RFI) which needs to

3 since n, is negligible for

be removed. RFI will typically have a DM of 0 pc ecm™
terrestrial sources. Hence strong pulses at a DM of 0 pc ecm ™ should be removed.

The left panel of Figure 1.4 shows a time series for a DM value of 0 pc ecm™3. It
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is very noisy. The time series in the right panel is obtained after correcting for
dispersion at a DM of 147.3 pc cm ™3 for PSR J0837—4135. It shows bright pulses

above the noise level.

1.4.2 Periodicity search

The time series is analyzed to search for periodic signals. The periodic signal
is usually hidden within the random noise. The search is performed in the frequency
domain by taking the Fast Fourier transform (FFT) of the time series. The resul-
tant power spectrum, which is a plot of the power of each Fourier component as a
function of frequency, is searched for signals with a signal-to-noise ratio above some
threshold, typically S/N > 5. The spectra that have 2, 4, 8, and 16 harmonics of
the fundamental frequency are also searched. Individually these components may
not be distinguishable from noise as the power from the pulsar is spread throughout
these harmonics. Therefore they must be summed to maximize the detectability of
the signal. With each summation, the noise decreases by a factor of v/2 and the
powers of the components increase by v/2. Every signal above this S/N threshold in
each of the DM trials is recorded as a candidate. Then the raw data is de-dispersed
at this DM and folded at the period to make diagnostic plots that can be inspected

manually to confirm the candidate as a pulsar.
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Figure 1.4: The left panel shows a time series for a DM value of 0 pc cm™2 which
is very noisy and the time series in the right panel is obtained after correcting for
dispersion at a DM of 147.3 pc cm ™3 for PSR J0837—4135 which shows bright pulses
above the noise level.

1.5 Rotating Radio Transients

Although the precise periodicity is the main characteristic of a pulsar signal,
another class of transients, known as Rotating Radio Transients, or RRATS, are a
group of Galactic pulsars that emit sporadic single bright pulses. These were first
detected by McLaughlin et al. (2006) while processing the data from the Parkes
Multibeam Pulsar Survey (PM survey; Manchester et al. 2001). There are 112
RRATS discovered so far!. The pulses from RRATSs sometimes repeat but not reg-
ularly, like those of pulsars and some have been observed at only one epoch. Hence
RRATSs are easily detectable as single isolated pulses, rather than as a repeating
signal. To detect RRATS, the single-pulse search is the only possible method. Af-
ter the signal is de-dispersed as described above, a single-pulse search algorithm is
applied instead of the periodicity search. This search method is explained in detail

in Chapter 2.

'For an up-to-date list of RRATS, see http://astro.phys.wvu.edu/rratalog
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The lack of detection in a periodicity search suggests that RRATSs are either
much more weakly emitting, or in fact ‘off’, during times when we do not detect
pulses. Despite this, by examining time differences between the arrival times of
pulses, underlying periods have been estimated for almost 88 RRATS, for which
enough pulses are seen together. Period derivatives have been estimated for 29
RRATSs. The inferred source sizes, the underlying rotation periods, as well as the
expected time-scales for transient behaviour all point towards RRAT's being Galactic
neutron stars.

In addition to RRATS, some pulsars are seen to emit giant single pulses occa-
sionally. Their flux densities can exceed hundreds and thousands of times the mean
flux density of regular pulses from the pulsar. For example, the giant pulses (GPs)
from the Crab pulsar which led to its discovery show pulses with an intensity up
to 1000 times that of an average pulse. The GPs are also very short in duration.
Hankins et al. (2003) found pulses as short as 2 ns from the Crab pulsar. GPs
from B1937+21 were observed for the first time in 1984 (Wolszczan et al., 1984)
but were recognized later by Cognard et al. (1996). The duration of these GPs is
short compared to the period of the pulsar, lasting on the order of 10 nanoseconds
(Soglasnov et al., 2004). The amplitude distribution of GPs is a power-law (Popov
& Stappers, 2007), whereas the amplitude distribution of pulses from many pulsars

is log-normal (Ritchings, 1976).
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1.6 Fast Radio Bursts

1.6.1 History

A renewed interest in finding other radio transients along with the discovery of
RRATS led astronomers to perform single-pulse searches in addition to periodicity
searches on pulsar survey data.

While processing the data from a survey of large and small Magellanic clouds
(LMC, SMC) using the multibeam receiver from the 64-m Parkes radio telescope to
search for pulsars and RRATSs at 1.4 GHz, Lorimer et al. (2007) found an excep-
tionally bright burst that lasted a few milliseconds. The DM was found out to be
anomalously high, compared to maximum DM that would be due to the electrons
in the Milky Way in that direction. This event, known as the ‘Lorimer burst’, had
a peak flux density of ~ 33 Jy and a DM of 375 pc cm™2. The Galactic DM con-
tribution along the line of sight of this burst predicted by the NE2001 model is 45
pc cm ™2, i.e. only 12% of the total measured DM value. Therefore, the excess DM
indicated that the source is located outside our Galaxy. Figure 1.5 shows an output
of a single-pulse search analysis done by Lorimer et al. (2007) and their detection of
the Lorimer burst. It is seen in the DM versus time plot as a strong pulse and has
a S/N> 20 as seen in the S/N versus DM plot at the top right corner. This type of
diagnostic plot obtained in the single-pulse search analysis is discussed in detail in
§2.3.4.

This burst remained debated for quite some time. A few years later, Burke-

Spolaor et al. (2011) found bursts similar in nature at high DMs in Parkes data.
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Figure 1.5: The output of a single-pulse search analysis done by Lorimer et al. (2007)
and their detection of the Lorimer burst.

The Parkes multibeam receiver consists of 13 beams each with a beamwidth of ~ 14’
and the Lorimer burst was seen in three beams of the Parkes multibeam. But these
new bursts, named as ‘perytons’ were seen in all 13 beams. The peryton signal was
seen to mimic the dispersive signal coming from an astrophysical pulse that has
propagated through cold plasma. More such bursts were found in the reprocessing
of the Parkes Multibeam (PM) pulsar survey data and the general consensus was
that these bursts and the Lorimer burst might not be of astrophysical origin.
Keane et al. (2012) found another similar burst at 1.4 GHz very close to
the Galactic plane which was seen in only one beam and at a higher DM (=
746 pc cm ). However, the confirmation that these bursts are astrophysical came
only after the discovery of four bursts in the High Time Resolution Universe (HTRU)

survey at 1.4 GHz (Thornton et al., 2013). These highly dispersed pulses are now
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known as ‘Fast Radio Bursts’ (FRBs) and are labelled in YYMMDD format. A
single dispersed burst would be classified as an FRB if it is bright, has a pulse width
of a few ms and a DM greater than the modeled DM contribution along that line
of sight. It should be noted that the NE2001 model has uncertainties up to 40% in
certain directions. For example, in the case of FRB 010621 (Keane et al., 2012), H,,
observations of the diffuse ionized gas along the line of sight showed that the pulse
most likely resides in the Galaxy and the excess DM is caused by localized density
enhancements along the line of sight (Bannister & Madsen, 2014).

After the discovery of four bursts (FRB 110220, 110626, 110703, 120127) by
Thornton et al. (2013), a number of pulsar archival surveys were searched for FRBs
using the single-pulse search method up to a much higher DM. The typical values
of DM for Galactic pulsars range from 2 pc cm ™ to 1800 pc cm ™3, where high DM
pulsars are near the center of our Galaxy (see Figure 1.6). Usually high latitude
pulsar surveys are processed for DMs up to 300 pc cm~3 while searching for Galactic
pulsars and RRATs. This is reasonable because there are about 600 pulsars that
have DM values greater than 300 pc cm ™2 and most of these pulsars are very close
to the Galactic center with longitudes within £50° and latitudes within 45°.

Soon after this, FRB 011025 was discovered in the processing of HTRU inter-
mediate latitude survey. The fact that all FRBs were detected only in the data from
the Parkes telescope raised some concern at that time. In 2014, FRB 121102 was
discovered with the 305-m Arecibo telescope in the processing of the Pulsar Arecibo
L-band Feed Array (PALFA) survey (Cordes et al., 2006; Lazarus et al., 2015) at

1.4 GHz. This burst was detected towards the Galactic anti-center at a DM of
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Figure 1.6: The DM-latitude dependence for Galactic pulsars and RRATS.

557 pc cm ™2 and this discovery cleared doubts about FRBs being some phenomena
related to the Parkes telescope only.

The development of a real-time transient pipeline at the Parkes telescope using
the multi-beam receiver led to the discovery of FRB 140514 at 1.4 GHz (Petroff et
al., 2015a). The authors were aiming to search the fields of previous FRBs to look for
repeat events and FRB 140514 was detected in the same field as FRB 110220 but at
a much lower DM. They argued that their proximity is due to sampling bias in their
choice of observing location. After the real-time detection, follow-up observations
were carried out with 12 telescopes observing from X-ray to radio wavelengths but
they were unable to identify any afterglow-like variable multi-wavelength counter-
part. When a SN or a long duration gamma-ray burst (GRB) goes off, a counterpart

is detectable as an object of varying brightness. This type of afterglow is observable
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on time-scales ranging from hours (for a long GRB) to days (for typical SNe) and
therefore this lack of detection suggested that FRBs are unlikely to be associated
with long duration GRBs or SNe.

Another real-time discovery (FRB 131104) followed with the same pipeline in
a targeted observation of the Carina dwarf spheroidal galaxy at 1.4 GHz (Ravi et
al., 2014). The dispersion measure of this FRB exceeded the maximum predicted
line-of-sight Galactic contribution by a factor of 11. Follow-up observations of 100
hours with the Parkes telescope did not detect any repeat events from this location.
A ~y—ray transient has recently been proposed to be associated with this FRB at
the 3.20 to 3.40 confidence level with Swift (DeLaunay et al., 2016). This tran-
sient, J0644.5—5111, was seen for ~ 380 s. This is somewhat longer than most
long-duration GRBs detected by Swift. They suggested that the v—ray emission
was generated by shocked relativistic plasma in a cosmological explosion, or in an
accretion episode associated with a supermassive black hole. However, Shannon &
Ravi (2017) carried out observations of the field of FRB 131104 with the Australia
Telescope Compact Array (ATCA) for 2.5 years beginning 3 days after the event and
found no radio afterglow coincident with the y—ray event. They argued that a true
association is not significantly more likely than the probability of an unassociated
occurrence.

Although FRBs were detected with two telescopes, all of the above mentioned
FRBs were discovered between 1—2 GHz. In 2015, FRB 110523 was discovered with
the Green Bank Telescope (GBT) in the search of an archival hydrogen intensity
mapping survey carried out in the frequency range 700 MHz to 900 MHz. This dis-
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covery strengthened the argument that FRBs are astrophysical phenomena (Masui
et al., 2015).

Five additional FRBs (090625, 121002, 130626, 130628, 130729) were discov-
ered in the processing of HTRU high latitude survey by Champion et al. (2016)
with FRB 121002 detected at a DM of 1629 pc cm ™3, the highest DM found so far.
Efforts of searching for multi-wavelength counterparts and finding associations with
host galaxy continued. In mid-2016, the discovery of FRB 150418 was reported with
identification of a fading radio transient that lasted over the course of six days after
the FRB event (Keane et al., 2016). The authors used it to identify a host galaxy at
a redshift of 0.492. But further observations (Williams & Berger, 2016; Vedantham
et al., 2016) suggested that the observed variable radio emission is instead due to
an active galactic nuclei (AGN) activity and are unrelated to FRB 150418.

In 2015, FRB 150807 was detected with the Parkes telescope while timing
observations of a millisecond pulsar were being carried out. This FRB has a DM of
266.5 pc cm~2, which is the lowest DM for an FRB found so far. This FRB is very
bright (~ 12 Jy) and is also linearly polarized.

Very recently, Caleb et al. (2017) discovered three FRBs at 843 MHz in
real-time with the UTMOST array at the Molonglo Observatory Synthesis Tele-
scope in Australia. These are the first FRBs discovered with an interferometer
(160317, 160410, 160608). UTMOST array consists of an east-west aligned cylin-
drical paraboloid divided into two ‘arms’, each 11.6-m wide and 778-m long. They
performed a 180-day survey of the Southern sky and followed up at these locations
for 100 hours which resulted in no repeat events.
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Petroff et al. (2017) reported another real-time discovery (FRB 150215) with
Parkes at a DM of 1105 pc em ™ and is found to be 43% linearly polarized. The
Australian SKA Pathfinder (ASKAP) discovered a very bright (22 Jy) FRB 170107
in the pilot survey at a DM of 610 pc cm ™3 (Bannister et al., 2017).

Each one of the 23 FRB discoveries mentioned above is important to help
us understand their properties, possible progenitors, and the FRB population as a
whole.

Along with these discoveries, in 2015, the source of the millisecond-duration
transients of terrestrial origin or the perytons was identified. Around 25 perytons
were recorded since 2011 (Burke-Spolaor et al., 2011; Kocz et al., 2012; Bagchi et
al., 2012; Saint-Hilaire et al., 2014) and were observed only during office hours and
on weekdays. This suggested that they might be a form of human-generated RFI.
Petroff et al. (2015b) found out that a peryton can be generated at 1.4 GHz when a
microwave oven door is opened prematurely and the telescope is at an appropriate
relative angle.

Inside a microwave, the magnetron pulls electrons from the power source and
then uses magnets to rotate them around inside a vacuum. This generates mi-
crowaves and the magnetron power cycle can be set to a duration depending on the
manufacturer. If the microwave door is opened before this cycle is complete then
the radio emission escaping from microwave ovens during this phase can generate
a peryton signal. They performed specific tests to verify this and detected three
perytons on three separate days. By comparing properties of perytons and FRBs,
Petroff et al. (2015b) demonstrated that perytons are strongly clustered in DM and
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Figure 1.7: The FRB (blue) and perytons (red) distributions as a function of local
time at the Parkes facility and as a function of DM obtained from Petroff et al.
(2015b).

time of the day unlike FRBs which are uniformly distributed (see Figure 1.7). For
example, FRB 010724 was detected at 4 a.m. From these observational differences,
they concluded that FRBs and perytons arise from different origins and that FRBs

are indeed astrophysical in origin.

1.6.2 Repeating FRB

All of the FRBs have been searched for repeat bursts but most of the efforts
were unsuccessful. Some of the radio follow-ups are listed in Table 1.1. Initial follow-
up observations of FRB 121102 were carried out for a few hours with no detection
(Spitler et al., 2014). In 2015, this FRB was extensively observed with the Arecibo
telescope around the best known sky position. This effort resulted in ten additional
bursts (Spitler et al., 2016) in three hours of observations, confirming it as the only
repeating FRB source observed so far.

These detections motivated further follow-up multi-wavelength campaigns and

Scholz et al. (2016) found five bursts with the GBT at 2-GHz, and one at 1.4 GHz
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Table 1.1: List of FRB follow-up observations.

FRB Total duration Reference

(hr)
010724 > 200 (Lorimer et al., 2007)
090625 ~ 34 (Petroff et al., 2015)
110220 ~ 2 (Petroff et al., 2015)
110626 ~ 11 (Petroff et al., 2015)
110703 ~ 10 (Petroff et al., 2015)
120127 ~ 6 (Petroff et al., 2015)
131104 ~ 100 (Shannon & Ravi, 2017)
150807 ~ 215 (Ravi et al., 2016)
121002 ~ 10 (Petroff et al., 2015)
140514 ~ 19 (Petroff et al., 2015)
130626 ~ 10 (Petroff et al., 2015)
130628 ~9 (Petroff et al., 2015)

with Arecibo. All of these 17 bursts have a same DM that is consistent with that
of FRB 121102. This provided a strong evidence that the bursts were originating
from the same source.

The bursts appear to cluster in time but no underlying periodicity has been
detected yet. The peak flux densities were in the range of 0.02 — 0.3 Jy at 1.4
GHz, suggesting that weaker bursts are also produced, preferably at a higher rate.
No evidence for scatter broadening or polarization is seen in any of these bursts,
however, after fitting a power-law model (S, o %) to burst spectra, the spectral
index was found to range from —10 to +14. This varying spectral index could be
intrinsic to the source or due to propagation effects as suggested by Scholz et al.
(2016).

The repeating bursts from FRB 121102 led to targeted interferometric local-
ization efforts. In 2016, 83 hours of simultaneous observations with the Karl Jansky

Very Large Array (VLA) and the Arecibo telescope, spanned over six months, de-
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tected nine bursts in the 2.5—3.5 GHz band and reported the first sub-arcsecond
localization (Chatterjee et al., 2017). The beamformed single-pulse search and mil-
lisecond imaging resulted in detection of a persistent variable radio counterpart with
a flux density of 180 uJy (Marcote et al., 2017) and a star-forming host galaxy at a
redshift of 0.19 (Tendulkar et al., 2017). The host galaxy is very small with a stellar
mass of (4 —7) x 10" M. The European very-long-baseline interferometric (VLBI)
network at 5 GHz detected 4 bursts and showed that the projected separation be-
tween the persistent radio source and FRB is less than 40 pc, suggesting a strong

physical link.

1.6.3 Dispersion measure

All of the 23 FRBs mentioned above have DMs exceeding the Galactic DM
contribution by a factor between 1.5 to 11. Although the NE2001 model could be
uncertain up to 40% along certain lines of sight, these events can still be distin-
guished from the other radio transients. Figure 1.8 is a similar plot as Figure 1.6
showing the DM distribution as a function of latitude but for all radio transients.
The pulsars in the LMC and SMC can be clearly seen above the Galactic pulsar
population with additional DM coming from the electrons between LMC, SMC and
the Earth and from the LMC, SMC itself.

However, FRBs have no correlation between DM and latitude dependence
indicating that the total DM includes a large extragalactic component. lonized gas

in galaxies and in the IGM are therefore plausible sources for this extragalactic part
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of the DM. The measured DM follows as v~2 which shows that the electromagnetic
signal passes through the cold plasma. Some authors (e.g., Loeb et al., 2014) have
suggested that the excess DM might arise from flaring stars. But the plasma near
the surface is not cold and the resulting signal would not follow the »~2 behavior
which is seen for all FRBs. If the free electron distribution in the host galaxy is
similar to that in our Galaxy, then a host DM can be estimated. For z > 0.2, the DM
contribution from the IGM is expected to dominate for FRBs at higher latitudes
(Ioka, 2003; Inoue et al., 2004). Then the IGM contribution can be computed
by subtracting the host DM and DM due to the MW from the total measured
DM. And the DM due to the IGM depends on the redshift which can be used to
infer a redshift of an FRB The inferred redshifts for the known FRBs range from
0.19—2.2. Only one independent measurement has been done to date for FRB
121102 at z = 0.193 (Tendulkar et al., 2017). Cordes et al. (2016) argue that the
redshifts can be significantly overestimated if they are based on the assumption that
the extragalactic portion of DM is dominated by the IGM as it is also possible that

the host galaxy dominates the extragalactic DM contribution.

1.6.4 Scattering

In the case of FRBs, the Galactic ISM, IGM, host ISM, and intervening galaxy
or galaxy clusters all cause turbulence-induced scatter broadening. The scattering
in FRBs can be used to study turbulence in the IGM and in other galaxies. FRB

scattering timescales are within the range spanned by pulsars but are many orders
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Figure 1.8: The DM latitude dependence for all radio transients.

of magnitude larger than pulsars at similar Galactic latitudes, as seen in Figure 1.9.

Nine out of 23 known FRB sources show asymmetric pulse broadening caused
by scattering from small-scale electron-density variations. The left panel of Fig-
ure 1.10 shows FRB profiles with no scattering. FRBs with scattering are shown in
the right panel. The measured pulse broadening for FRBs is much larger than ex-
pected from the Milky Way for the directions of FRBs but the broadening is smaller
than would be expected from the 7—DM relation for Galactic pulsars having the
same DM. The Milky Way can only account for scattering timescales less than a
microsecond (Figure 1.9). Observations of scattering along extragalactic lines of
sight by Lazio et al. (2008) and theoretical calculations by Macquart & Koay (2013)
suggest that scattering in the IGM is several orders of magnitude lower than in the

ISM. If the IGM contributed enough to the scattering then that would require a
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Figure 1.10: FRBs with no scattering are shown in the left panel and FRBs with
scattering are shown in the right panel. The horizontal time scale is 60 ms for each
profile.
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level of turbulence an order of magnitude higher than encountered at the Galactic
center. The low density diffuse IGM cannot support such density fluctuations and
therefore cannot reproduce the measured scattering for FRBs. The scattering con-
tribution from intervening galaxies and galaxy clusters near the line of sight is not
an important effect because the probability of this alignment is very low. Note the
probability of an intervening source within z < 1 is less than 0.05 (Roeder & Ver-
reault, 1969). This makes the contribution from the host galaxy the most prominent
source of scattering in FRBs. This assumes that the ISM in the host galaxy has the
same properties as in the MW at all redshifts. But at higher redshifts, observations
suggest that the ISM in those galaxies was more turbulent and dense (z ~ 2) (Xu &
Zhang, 2016). Overall, the scattering timescale provides valuable insights into the
IGM turbulence concerning the detailed structure of density and magnetic field of

the IGM (Xu & Zhang, 2016).

1.6.5 Polarization

For astrophysical sources, the electric field vectors are plane waves. For a wave
traveling in the z direction at time ¢ with angular frequency w and amplitude Fj,
the electric field is

—

E = Eo[de(ik”_"”) + l;e(ik*z_“t)]. (1.9)

The wave traces out an ellipse in the electric field plane with major and minor axes
a and b. If the radio signal is linearly polarized then the wave vector in the direction

a (k) is equal to the wave vector along b (k_). However, if the wave is traveling
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through a magnetic field then this condition does not hold since the angle between
the electric field vector and the plane of incidence (polarization angle, ¥) rotates as
the wave propagates through plasma. This effect is known as the Faraday rotation.
The rotation of the angle of linear polarization is called rotation measure (RM) and
it is proportional to the line of sight component of magnetic field (B)) weighted by

electron density n.. We define

e3 d
RM = / neBHdl, (1.10)
0

2mm2ct

where e, m, are electron charge and mass respectively, ¢ is the speed of light, d is
the distance to the source. RM is measured in units of rad m™2. The variation in

polarization angle (AWV) is obtained over a wide frequency range

AU = RM)?. (1.11)

The measurement of RM and DM gives the average magnetic field strength along

the line of sight:
fo neBHdl

o (1.12)

(By) =

Here the magnetic field strength is in uG. This relation works very well for Galactic
pulsars. However, in the case of FRBs, it cannot be used directly to estimate the
intergalactic magnetic field as FRBs are cosmological sources. The RM and DM

have different redshift dependencies. As noted in Akahori et al. (2016), the DM at

cosmological scale is dominated by contributions from the warm-hot intergalactic
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medium (WHIM) in filaments and from the gas in voids and the RM is induced
mostly by the hot medium in galaxy clusters, with only a fraction of it produced in

the WHIM. They modify Equation 1.12 as

d
1+ 2) i Jo neBydl

{
B = .
{Bi) Somwamm K fod nedl

(1.13)

Here fpam,wamv is the fraction of the total DM due to the WHIM and can be evaluated
for a given cosmology model using the DM of an FRB. With this simple modification,
the density-weighted line-of-sight magnetic field strength of the intergalactic medium
in filaments of the large-scale structure can be reconstructed.

To constrain the emission mechanism, we need polarization information of
FRBs. As of now, only a few FRBs have shown polarization. FRBs 140514 is found
to be 20% circularly polarized but no linear polarization was detected and hence the
RM could not be determined (Petroff et al., 2015a). The authors concluded that this
polarization is intrinsic to the FRB and suggested that if FRBs emit coherently then
there would have been intrinsic linear polarization but it may have been depolarized
by Faraday rotation caused by passing through strong magnetic fields and/or high-
density environments. Faraday rotation was measured for FRB 110523 which was
detected in the archival data from GBT (Masui et al., 2015). This FRB is 44%
linearly polarized with a best-fitting RM of —186.1 rad m~2. The average line-of-
sight component of the magnetic field is 0.38 uG. The authors claimed that this
magnetization is local to the FRB source as the contributions to the RM along

this line-of-sight within the Milky Way and from the IGM are small. FRB 150418
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was found to be only 8.5% linearly polarized with no circular polarization (Keane
et al., 2016). The authors determined RM of 36.0 rad m~2 but mention that this
measurement is not very precise since the linear polarization is very low. They place
an upper limit on the electron weighted IGM magnetic field strength of ~ 0.4 uG.
Ravi et al. (2016) found FRB 150807 to be 80% linearly polarized giving a RM
of 12.0 rad m~2. They constrained the average line-of-sight magnetic field to be
(21(1 + zmean)) NG, where zyean is the mean redshift of the intervening electron
density distribution.

Although currently we have only a few Faraday rotation measurements, the
development of polarization triggering modes along with the real-time detection sys-
tem at Parkes and at other telescopes will enable us to get polarization information
for all detections. The measurement of RM can give useful insights into the local

environment around the FRB sources.

1.6.6 Progenitor models

The physical nature and the progenitors of FRBs still remain a mystery. Al-
though a large number of theories exist to explain their origin, none of them have
been conclusively proven correct from the observations. The proposed model should
be consistent with the very high event rate of FRBs and should explain the large
DMs, timescales, and brightnesses as well. The best estimate for FRB all sky event
rate is 3.3157 x 103 events per day per sky (see Chapter 3). The currently proposed

models involve sources which are either cataclysmic in nature (i.e. producing only
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one burst), or capable of producing multiple bursts.

The cataclysmic models include merging or collapsing of compact objects.
Falcke & Rezzolla (2014) propose that a neutron star created above the theoretical
mass limit (supra-massive neutron star), would be supported by centrifugal force
for an extended period of time, until the star is spun down enough due to various
torques, the most dominant of which may be the magnetic dipole spin down so
that centrifugal force can no longer support the star. At this epoch, the neutron
star would collapse into a black hole. The magnetosphere is the only part of the
neutron star which will not disappear in the collapse as it is well outside the neutron
star. The entire magnetic field should in principle detach and reconnect outside the
event horizon. This results in large currents producing strong shock and intense
electromagnetic emission, which is bright enough to explain the observed fast radio
bursts. The characteristic timescale for such an event is less than a millisecond.
Falcke & Rezzolla (2014) also argue that only a few percent of the neutron stars are
needed to be supramassive in order to explain the observed FRB rate.

Some authors have discussed the binary neutron star mergers as a possible
origin of FRBs (Piro, 2012; Totani, 2013; Wang et al., 2016) as both rates are
consistent. At the time of coalescence, the magnetic fields of neutron stars are syn-
chronized to binary rotation and the radiation mechanism due to magnetic braking
seems favorable to explain the millisecond duration of FRBs before merging into
a black hole (Totani, 2013). In a NS binary in which one NS is highly magne-
tized compared to the other one, the magnetic torques spin up the magnetized NS
draining the angular momentum from the binary and accelerating the inspiral. An
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electromotive force induced on one NS accelerates electrons to an ultra-relativistic
speed and the resultant coherent curvature radiation from these electrons moving
along magnetic field lines in the magnetosphere of the other NS is responsible for
the observed FRB signal. The coalescence would leave behind a rapidly rotating
black hole which could be a possible source of gravitational wave event (Piro, 2012;
Wang et al., 2016).

FRBs could be produced in another scenario such as merging of white dwarfs
(WD) as suggested by Kashiyama et al. (2013) in which the coherent emission is
produced from the polar region of a massive rapidly rotating and magnetized WD
formed after the merger. A SN Ia is one possible counterpart in this model but
the lack of any such associations from current observations question this model for
FRBs. Other interesting models could also explain a sub-class of FRBs. These
include NS-BH mergers (Mingarelli et al., 2015), BH-BH mergers (Zhang, 2016;
Liebling & Palenzuela, 2016), the discharging of charged black holes (Liu et al.,
2016), and evaporating BHs (Keane et al., 2012).

The discovery of a repeating FRB, however, rules out the cataclysmic models
at least for this FRB or for a subset of FRBs. In this scenario, if FRBs are observed
for long enough time with more sensitivity, either all or some of them might be seen
to repeat. However, this is still under debate and there is no robust evidence yet
for one or multiple FRB progenitors, if there are any, from observations. We cannot
rule out the cataclysmic models completely as of now, but we can place strong
constraints on what type of progenitors could be producing this type of emission.
Most of the known FRBs have been followed up in radio or at other wavelengths as of
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now. However, not all non-detections have been reported and hence it is difficult to
conclude if any other FRB should have been seen to repeat. It could be possible that
the repeater belongs to a population of sources at a different evolution phase from
other FRBs. But we see no distinction in the observed properties of repeater and
other bursts. We still need more FRBs to support or refute this kind of hypothesis.
It should also be noted that as mentioned earlier, the sensitivity of Parkes is less
than that of Arecibo so there is a possibility that they all repeat but might be below
our detection threshold. In fact, the faintest Arecibo detections have flux densities
an order of magnitude smaller than those of the faintest Parkes FRBs. In this case
we are only detecting the brightest pulse from the source and other pulses remain
undetected.

The narrowest pulses from FRBs constrain the emission region size based on
the light travel time. FRB 150807 has the narrowest pulse of 0.35 ms. This gives
us an emission region size of ~ 105 km which is comparable to sizes of compact
objects. Neutron stars also generate coherent emission from a small emission region
and produce large amount of energy similar to observed from FRBs. Based on these
current observations, we only discuss a handful of the most promising models that
could explain the repeatable origin of FRBs. Most of these models include some
relation with NS emission.

Cordes & Wasserman (2016) propose that FRBs are associated with bright
pulses from extragalactic pulsars. Some pulsars (for example, the Crab pulsar)
are known to emit giant pulses and the NS formation rate in a Hubble volume is

comparable to the FRB rate. In this case, the emission will be rotationally driven. If
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pulsars at distances within 100 Mpc emit such bright pulses then this population of
pulsars within this distance may be the source of FRBs. However, the giant pulses
emitted from the Crab are not typical of the pulsar population as a whole. Taking
this into account, the authors argue that the giant pulses from extragalctic pulsars
might be magnified through gravitational lensing of individual stars. Although
the energetics and rate arguments are consistent with the properties of FRBs; it
should be noted that the probability of seeing a repeat pulse from such an object is
extremely low on human timescales (Cordes & Wasserman, 2016).

Pen & Connor (2015) suggest that FRBs are bursts from extragalactic but
non-cosmological young pulsars and magnetars. Young neutron stars are energetic
and are embedded in a supernova remnant (SNR). If the number of young pulsars is
proportional to the core-collapse supernova rate and each pulsar emits a giant pulse
every 100 days or so then the FRB rate is consistent within a local volume of about
200 Mpc (Connor et al., 2016). Within a few hundred years of a core-collapse SN,
the ejecta is confined within one parsec. This region could contribute to the excess
DM. The magnetar model is based on the observed properties (polarization, DM,
scattering) of the radio loud magnetar in our Galactic center. Pen & Connor (2015)
suggest that such galactic center magnetars within a few hundred megaparsecs could
be the source of FRBs in which the emission will be magnetically powered and the
excess DM could come from the overdense region near the host galaxy’s galactic
center. However, it should be noted that the population of such magnetars is smaller
than that of young pulsars (Kaspi & Beloborodov, 2017).

The soft gamma repeaters (SGRs) are a type of magnetars which exhibit gi-
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ant flares due to relativistic explosions in the magnetospheres (Lyutikov, 2006). In
addition, they also produce non-thermal radio emission or hyperflares as suggested
by Lyutikov (2002). Popov & Postnov (2013) showed that the energetics of such
hyperflares are consistent with that of FRBs. However, no radio emission was de-
tected at Parkes during SGR 1806—20 giant flare (Tendulkar et al., 2016) which
provides arguments against the magnetar association. If indeed FRBs are related to
magnetar giant flares then we should expect to detect prompt high-energy afterglow
and a very bright optical flash (Lyutikov & Lorimer, 2016).

Both of the above supergiant pulse models invokes nearby galaxies that are not
at cosmological distances and therefore are challenged by the fact that the repeater
is located in a host galaxy at redshift z = 0.193. Initial observations of the repeater
did not show extended emission in radio, IR or in H, which suggested that this
FRB is not associated with an HII region or a pulsar wind nebula as the luminosity
is very high and that the radio persistent source is unlikely to be an AGN since no
optical or X-ray signatures are seen.

After the localization of FRB 121102 and based on the observed properties of
this FRB, some of the above models can be tested. Murase et al. (2016) suggested
that if FRBs are indeed powered by a young NS then the counterparts of FRB can
be observed as quasi-radio nebular sources. The quasi-steady counterpart of FRB
121102 is broadly consistent with theoretical predictions. The authors consider
young NSs including magnetars as the source of FRBs and calculate associated
nebula emission of magnetar and pulsar-driven supernovae including super-luminous
supernovae (SLSNe). Metzger et al. (2017) propose that the repeated bursts from
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FRB121102 originate from a young magnetar remnant embedded within a young
hydrogen-poor SNR since the properties of the host galaxy of FRB 121102 are
consistent with those of long-duration GRBs and hydrogen poor SLSNe. The host
galaxy of FRB 121102 is a low metallicity, low mass galaxy in which SLSNe and
long-duration GRBs are common (e.g., Stanek et al., 2006). Further studies of this
FRB will tell us more about the neighbourhood of this galaxy and if it has any

companions.

1.6.7 FRBs as cosmological tools

The standard cosmological model or the A—Cold Dark Matter (A—CDM)
model attempts to explain the existence and structure of the cosmic microwave
background, the large-scale structure in the distribution of galaxies, abundances of
hydrogen, helium, and also the accelerating expansion of the universe. The letter A
represents the cosmological constant associated with the dark energy which is used
to explain the accelerating expansion of the Universe. The measurement from the
Planck Collaboration et al. (2016) estimates the fraction of the total energy density
of our universe that is dark energy to be ~ 69%. In addition, the dark matter
component, supposed to be consisting of the hypothetical particles called as weakly
interacting massive particles (WIMPs) accounts for the gravitational effects observed
in large-scale structures and is currently estimated to constitute about ~ 26% of the
total energy density of the universe. The remaining ~ 5% comprises all ordinary

matter that is made of protons and neutrons that make up atoms and we refer
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Figure 1.11: Current observational measurements of the low redshift baryon census
obtained from Shull et al. (2012).

to it as the baryonic matter (detectable matter). Observations tell us that all the
matter in stars, gas, and dust between galaxies is not enough to account for all the
baryon content. In the low-redshift IGM, approximately 30% of the baryons reside
in the warm intergalactic phase observed in photoionized diffuse Ly« absorption and
~ 15% in the hot gas traced by OV'I absorbers (see Figure 1.11). An additional 5%
may reside in circumgalactic gas (material in galaxy halos), 7% in galaxies, and 4% in
clusters (Nicastro et al., 2008; Shull et al., 2012). This leaves a large fraction (~ 29%)
that is still not accounted for and is referred to as ‘missing baryons’. Finding these
missing baryons is crucial to validate our standard cosmological model. Most of the
missing baryons are believed to be residing in the warm-hot IGM (WHIM) where
the temperatures are high (10° — 107 K) and density is low. Therefore no significant

absorption or emission is seen posing difficulties in detecting baryons using the
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Figure 1.12: Dispersion in DM for sources at z ~ 1. Different DM distributions are
obtained for FRBs at the same z depending on how far the baryons are stretching the
halos of the galaxies along the line of sight. This figure is obtained from McQuinn
(2014).

conventional spectral line diagnostics. If we could measure the redshifts of FRBs
independently then FRBs would be capable of detecting every single ionized baryon
along the line of sight and thus could be direct detection of the missing baryons.
In the low-redshift universe (z < 3), the helium is fully ionized (McQuinn et al.,
2009) and homogeneously distributed such that n. oc Q,(1+ 2)? (Ioka, 2003) where
)y, is the baryon density. And DMjgy o< ne, hence the DM-z relation can be used
to estimate the baryon density along the lines of sight of FRBs. Also, most of the
dark matter is believed to reside in galactic halos, however, much less than half

of the baryons are observed to lie within these halos (McQuinn, 2014). Using the
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DM-z relation for FRBs as a cosmic ruler is not quite straightforward as the DM
of an FRB varies as it travels through the IGM. McQuinn (2014) calculated the
probability distribution functions (PDFs) of DMs for FRBs with z ~ 1 and showed
that the dispersion in DM depends strongly on the strength of the feedback. The
feedback is provided through stellar winds, supernovae, or AGN activity. Figure 1.12
is obtained from McQuinn (2014) and it shows dispersion in DMs for FRBs at the
same redshift. The black solid line refers to a radius up to which the dark matter
halo is traced. A strong feedback scenario refers to baryons extending out to a
larger radius beyond the dark matter halo radius and the PDF of DMs is more
concentrated giving a Gaussian distribution in DMs, whereas, in the case of weak
feedback scenario, the DM distribution is much broader. Therefore, we would get
different DM distributions for FRBs at the same z depending on how far the baryons
are stretching the halos of the galaxies along the line of sight and location of baryons
within the halo. We would also need to find redshift measurements for many FRBs
to account for the effects of variance in the sightlines. Nonetheless, extragalactic
DM measurements of FRBs do provide means of directly measuring the probability
distribution of the intergalactic IGM and could constrain the locations of the cosmic
baryons.

Recently, Yang & Zhang (2016) showed that the average host galaxy DM
and cosmological parameters including the matter density and baryonic density can
be independently inferred from the slope of the first derivative of the DMg — 2
relation. DMg is the DM obtained after subtracting the Galactic contribution from

the observed DM. This method requires a sample of FRBs for which DM and z are
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Figure 1.13: This figure is obtained from Yang & Zhang (2016). The left panel
shows the simulated FRBs (red dots) and their MCMC fitting curve (blue line).
The right panel gives their estimates as DMy = 77.06 cm ™3 pc and €, = 0.38.

measured and a Markov Chain Monte Carlo (MCMC) fit can be applied to extract
the DM0s¢ and cosmological parameters using the slope (5) of the DMg versus
z relation, and the mean values of DMg and z of the sample. They define two

quantities (see Equations 5 and 6 of Yang & Zhang 2016) :

d 1H<DMIGM>

alz) = T x f(z, Qm, Q) (1.14)

And

(2) = T g(z, (DMg), (DMpest ) )- (1.15)

At lower z, Equation 1.15 can give an estimate for DM, using measured values of
$ and z. At higher redshifts, (DMg) > (DM ) and a(z) ~ 3, hence measuring 3
can give estimates for €),,. Their results are shown in Figure 1.13. In the left panel,

the red dots denote the simulated FRBs and the blue line denotes their MCMC
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fitting curve. Since this method does not assume anything about the host galaxy
DM, this method can place constraints on some of the progenitor models.
Previously, Zhou et al. (2014) demonstrated that if sufficient FRBs (few tens)
are detected in a narrow redshift interval (Az ~ 0.05) then FRBs could help con-
strain the dimensionless parameter w which characterizes the equation of state of

dark energy with pressure p and the dark energy density p
p
w==. (1.16)
p

They assume events with host galaxy DM less than 100 cm ™3 pe. For a sample
of 1000 FRBs with known z, DM can be estimated. This is shown in the inset of
Figure 1.14. They performed a x? statistic and compared the data from SNe Ia
(solid yellow lines), baryon acoustic oscillations data obtained from Sloan Digital
Sky Survey shown as dotted blue lines, and FRB data as dashed red lines to estimate
w.

Bonetti et al. (2016) analyzed the time delay between different frequencies for
FRBs whose redshifts are measured and placed upper limits on the rest mass of the
photon. Bonetti et al. (2017) estimated the rest mass to be m, < 1.77 x 10* kg for
FRB 121102 at z = 0.193. Overall, FRBs can help in answering some of the most

fundamental questions in astrophysics.
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1.7 Dissertation Outline

The outline of this dissertation is as follows. In Chapter 2, we describe the
single-pulse search analysis and present the results of the search for dispersed radio
bursts in the Parkes high-latitude pulsar survey. In Chapter 3, we discuss a Bayesian
technique used to constrain the event rate of fast radio bursts using previous pulsar
surveys carried out with the Parkes telescope. In Chapter 4, we present the search
for host galaxies of potentially extragalactic rotating radio transients. In Chapter
5, we investigate the empirical population models for fast radio bursts. Finally, in
Chapter 6, we present the main conclusions from this work and plans for future

work.
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Chapter 2
A search for rotating radio transients and fast radio bursts in the

Parkes high-latitude pulsar survey

The work in this chapter was originally published as: A. Rane, D.
R. Lorimer, S. D. Bates, N. McMann, M. A. McLaughlin, K. Rajwade,
‘A search for rotating radio transients and fast radio bursts in the
Parkes high-latitude pulsar survey’, MNRAS, volume 455, p. 2207-

2215, 2016.

2.1 Introduction

Although FRBs have so far been observed over a range of Galactic latitudes,
their true distribution on the sky remains unclear. Based on an analysis of Parkes
HTRU mid-latitude survey data, Petroff et al. (2014) proposed that there is a deficit
of FRBs at intermediate latitudes. In this Chapter, we investigate this issue by
analyzing results from archival and current surveys. In addition, Keane & Petroff
(2015) have assessed the commonly used search algorithms used for FRB searches
which impact the FRB sensitivities in individual surveys. Motivated by these results,
in this Chapter we present a single-pulse search which is sensitive to both RRAT's
(McLaughlin et al., 2006) and FRBs on archival data previously searched for pulsars

at high Galactic latitudes by Burgay et al. (2006).
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2.2 Survey parameters

The Parkes high-latitude (PH) survey (Burgay et al., 2006) was designed to
find millisecond pulsars and exotic binaries which migrate away from the Galactic
plane. A total of 42 pulsars were detected in this survey, of which seven were
millisecond pulsars and 18 were new discoveries. The analysis of the data by Burgay
et al. (2006) was carried out using the standard periodicity search methods to find
periodic signals. However no single-pulse searches have been published on these
data. The single-pulse search method is very effective in detecting sporadic sources
like some pulsars (e.g., nulling pulsars) and RRATSs in the time domain since these
might not be detectable in the standard periodicity searches (Cordes & McLaughlin,
2003). Moreover, FRBs can of course only be detected through single-pulse searches
(see below § 2.2.2).

The PH survey covered a strip of the sky enclosed by Galactic longitudes
220 <[ < 260 and Galactic latitudes |b| < 60 corresponding to a total sky coverage
of 3588 deg? in 475 hours. The survey began in November 2000 and ended in
December 2003 and made use of the 13-beam receiver on the Parkes 64-m radio
telescope. Data were collected simultaneously by 13 beams at a central frequency
of 1374 MHz with 96 frequency channels, each 3 MHz wide. Each of the 6456
pointings was observed for 265 s. For more details about the receiver system and

data acquisition, see Burgay et al. (2006).
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2.3 Single-pulse search method

Each of these beams from the survey was processed independently using the

SIGPROC software package!. The steps included in our analysis are:

1. dedisperse the raw data file at a range of trial DM values and remove radio

frequency interference (RFI) at zero DM;

2. search for individual pulses in the time series above signal-to-noise (S/N) of

five and with different widths;

3. apply the detection criteria to filter in terms of DM, S/N, and number of

beams;
4. manually inspect the resulting diagnostic plots.

We describe each step in detail below, and give the appropriate SIGPROC modules

used.

2.3.1 Dedispersion

Radio signals are affected by interstellar dispersion, and as a result, the higher
frequencies of the signal traveling faster through the interstellar medium arrive ear-
lier than their lower frequency counterparts. The time delay between the two fre-
quencies v; and 15 is given by Equation 1.7. The dispersion measure allows us
to distinguish between astrophysical and terrestrial signals. It causes a quadratic

sweep across the band and may be removed by appropriately shifting the frequency

1http: //sigproc.sourceforge.net

20



channels. Each time series was dedispersed over a range of trial DM values using
the dedisperse routine in SIGPROC. For this analysis, we have searched DMs in
a range from 0 — 10* ecm™ pc. The wide range of DM makes the search sensitive
to events that are highly dispersed. The trial DM step sizes used in the analysis
were calculated using an algorithm, dedisperse_all, originally described by Levin
(2012) which accounts for the amount of pulse broadening caused by the size of
the previous DM step and then determines the next trial DM. A total pulse width
smearing due to the DM step in comparison to the value at the last DM is chosen to
be 25% (see, § Appendix A). The total number of DMs searched was 249, as chosen
optimally by this program. For the DM steps used in our analysis, the average S/N
loss is ~ 1.5% for DMs < 2000 cm~2 pc and for DMs between 2000 — 10000 cm ™2 pc,
the average S/N loss is ~ 2.5%, calculated using Equations 12 and 13 of Cordes &
McLaughlin (2003). The dedisperse routine uses Equation 1 to calculate the time
delays for each test DM and applies to frequency channels and the samples from
each channel are then averaged to form a dedispersed time series. In addition to
this, it also performs zero-DM subtraction (Eatough et al., 2009) on the time series

to remove any RFT at zero DM.

2.3.2 Single-pulse search

Each dedispersed time series corresponding to a particular trial DM was searched
for transient events of different widths via the matched filtering technique for top-hat

pulses implemented in the program seek. This simple algorithm, which is an imple-
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mentation of the method described in Cordes & McLaughlin (2003), saves individual
events that deviate by five standard deviations from the mean of the time series. A
number of adjacent samples are added to search for pulses of different widths. Each
time series was smoothed 15 times, corresponding to a maximum smoothing of 21
times the sampling interval, i.e., pulse widths out to 4.096 s. If a pulse is detected in
more than one of the smoothed times series, only the highest S/N value is recorded.

Following Burke-Spolaor et al. (2011), the number of independent trials

j[[)ax N
N = Npum Z%; (2.1)
=0

where Npy is the number of DM trials, Ngmp is the number of samples in each
dedispersed time series, and jy.x corresponds to number of matched-filter widths
used. We find N = 1.1 x 10° for our observation. For more details of this search
method, see Cordes & McLaughlin (2003).

Keane & Petroff (2015) have assessed the performance of the search algorithms
commonly being used to discover FRBs. The authors point out some important
concerns where sensitivity to FRBs is often unnecessarily reduced and that the
single-pulse search routines within the dedisperse_all and seek packages were
less efficient compared to Heimdall and destroy packages (see, e.g., Petroff et al.,
2014). Based on the simulations which used an injected signal of known strength,
Keane & Petroff (2015) demonstrated that the recovered S/N for dedisperse_all
and seek was a function of pulse phase. We apply these results into our analysis,

as described in § 4.3.
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2.3.3 Detection criteria

These dispersed pulses can be displayed graphically using the plotpulses
program and the resulting single-pulse plot can be seen in the left panel of Figure 2.1.
In the DM histogram (top center of left panel), we are able to detect sources that
emit many weak pulses. Such sources might not be detectable in the bottom plot
of left panel. Conversely, the sources that emit only a few strong pulses may only
be detectable in the bottom plot. Often a peak in the DM histogram at low DMs is
seen which is indicative of RFI. In some cases, RFI is seen at all DMs for a certain
time range which can further limit our ability to detect a transient event. This
would happen if there is a strong source of RFI that causes the receiver to saturate
or some other local interference that is so strong that it shows up at all DMs for
that time range. The single-pulse plots thus obtained were inspected manually
(e.g., by searching for a well-defined peak in the S/N versus DM plot, see Fig. 2.1).
For manual inspection, we restricted the S/N threshold to six in order to keep the
number of potential candidates at a manageable level.

The event detected by Lorimer et al. (2007) was detected simultaneously in
three beams and all of the other FRBs were detected in only a single beam. A
strong signal appearing in all 13 beams simultaneously showing a dispersive delay
is considered to have a terrestrial or instrumental origin (called perytons, Burke-
Spolaor et al. 2011). The origin of these events has been recently identified as
coming from a microwave oven when its door is opened prematurely and if the

telescope is at an appropriate relative angle at that time (Petroff et al., 2015b). We
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Figure 2.1: Example output of one single-pulse search processing pipeline, showing
bright single pulses from PSR J0837—4135 around a DM value of 147 c¢cm™3 pc. The
top left panel shows the S/N distribution of the detected pulses, number of pulses
versus trial DM (in top center), and S/N as a function of trial DM. The lower plot
shows S/N of events as a function of time and trial DM. The size of the circles is
linearly proportional to the S/N of each pulse. The dispersive delay in the frequency
versus time plot is seen on the right for 250 milliseconds of data.

did not detect any such events in our analysis. We found a number of bursts with
high S/N in all 13 beams but no dispersive delay in the frequency versus time plot.
These events are sources of RFI which have near earth origin and are only active
for a brief period of time. Nearly 10% of the data show S/N greater than six in
more than five beams but do not show dispersive delay. We did not consider these

candidates further in our analysis.

2.3.4 Manual inspection

The diagnostic plots obtained after applying all the detection criteria were
manually examined to look for a strong signal corresponding to a peak in the S/N
versus DM plot. Such candidates are shortlisted and the detection is confirmed if the

signal shows a sweep from high to low frequency across the observing bandwidth in
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Figure 2.2: The left panel shows a non-astrophysical dispersed burst as seen in
the lower plot and a corresponding peak in the S/N versus DM plot.
dedispersed data is then plotted corresponding to time of the peak for one second
as seen in the right panel here, confirming that it is a false detection.

The non-

the frequency versus time plot. Brightness was not a criterion for being shortlisted

and some candidates were confirmed as pulsars despite not being detectable in this

plot.

For FRBs, if a dispersive sweep is absent then it is deemed to be a “false

detection” (see, e.g., Figure 2.2). A burst-like event was seen in one of the beams

(see a bright pulse in the lower plot of Figure 2.2 and a corresponding peak in the

S/N versus DM plot in the upper right plot) but no dispersed signal was detected

in the frequency versus time plot (see right panel of Figure 2.2).

2.4 Results

As summarized in Table 2.4, our single-pulse search resulted in the detection

of 20 of the 42 pulsars detected in the original periodicity search by Burgay et al.

(2006). In addition, one RRAT not reported by Burgay et al. (2006) was detected.

The discovery of this source, PSR J0410—3113, was reported by Burke-Spolaor et
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al. (2011) during a single-pulse search on the data obtained from the high-latitude
HTRU survey. In our analysis, only one pulse was detected in this observation for

PSR J0410—3113, consistent with the non-detection in the periodicity search 2.

2.5 Energy measurements

Integrated profiles for each pulsar were obtained by folding the dedispersed
time series using ephemerides available from the ATNF pulsar catalog (Manchester
et al., 2005). To construct the pulse energy histograms, the procedure described
in Ritchings (1976) is followed. The position and widths of the on-pulse and off-
pulse windows were determined by visual inspection of the integrated pulsar profile.
Baseline estimation was done using the off-pulse bins, and was subtracted from the
data for each pulse. The total energy for each pulse in the on-pulse window was
calculated and is scaled to account for different widths of on and off windows. The
on-pulse data were taken in blocks of about 100 pulses. The on-pulse and off-pulse
normalized energies E/E were calculated for each block by dividing on-pulse and
off-pulse energies within the block by the mean on-pulse energy of that block to
account for variations due to interstellar scintillation. The pulse energy histograms
were constructed for 10 of the total 17 re-detected pulsars, as shown in Fig. 2.3,
based on the number of pulses detected during the total observation time. We
did not create energy distribution plots for sources with fewer than 100 pulses per

observation.

2The ATNF pulsar catalog can be accessed online at
http://www.atnf.csiro.au/research /pulsar/psrcat
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Table 2.1: All pulsars detected and discovered in the PH survey. Columns 1 to 5
report the pulsar name, Galactic longitude and latitude, spin period, and DM, all
obtained from the ATNF pulsar catalog (Manchester et al., 2005). For those that
were detected in our single-pulse search method, columns 6, 7, 8, and 9 report the
DM obtained in this analysis, peak S/N from single-pulse search, number of pulses,
and width. Column 10 lists S/N from the periodicity search obtained from Burgay
et al. (2006) and column 11 lists the intermittency measure. The RRAT discovered
by Burke-Spolaor et al. (2011) and re-detected in our analysis is denoted by *.

Name l b P DM D Mobs (S/N)sp  Npulses w (S/N)per r
PSR 0] 0] (ms) (pc om™3)  (pc em™3) (ms)

J0343—3000 227.76  —52.34  2597.02 20.2 22.3 21.5 22 2.0 42,7 0.50
J0410—3113%  253.47  —41.95  1837.00 9.9 9.9 9.2 1 4.0 - -
J0437—4715 253.47  —41.95 5.70 2.6 2.6 12.8 4303 0.3 603.3  0.02
J0448—2749 228.43  —37.91 450.40 26.2 26.4 10.2 6 4.0 28.5  0.38
J0520—2553 228.51  —30.53 241.60 33.7 - - - - 34.0 -
J0610—2100 227.75  —18.18 3.86 60.6 - - - - 10.1 -
J0630—2834 237.03  —16.75  1244.40 34.5 35.3 20.2 63  16.0 2774 0.07
J0633—2015 229.33  —12.95  3253.21 90.7 89.7 11.0 3 8.0 16.4  0.67
J0636—4549 254.55  —21.55  1984.59 26.3 - - - - 11.2 -
J0656—2228 233.66 —8.98  1224.75 32.4 31.1 6.9 29 0.3 21.0  0.33
JO719—2545 238.93 —5.83 974.72 253.9 - - - - 20.7 -
JO726—2612 240.08 —4.64  3442.31 69.4 68.8 16.8 9 4.0 151 1.11
J0729—1448 230.46 1.44 251.60 92.3 - - - - 32.5 -
J0729—-1836 233.83 —0.33 510.10 61.2 61.0 7.4 26 0.3 59.3 0.13
JO737—3039A 245.24 —4.50 22.70 48.9 — — — - 18.7 —
JO737—3039B  245.24 —4.50  2773.46 48.9 - - - - - -
JO738—4042 254.27 —9.1 374.90 160.8 161.3 20.8 644 2.0 5421  0.04
JO742—2822 243.85 —2.43 166.70 73.8 73.0 18.3 2130 2.0 63.1  0.29
JO746—4529 259.20 —10.10  2791.03 134.6 - - - - 10.3 -
JO749—4247 257.14 —8.33  1095.40 104.5 - - - - 17.6 -
JO758—1528 234.54 7.24 682.20 63.3 62.9 13.4 67 8.0 99.0  0.14
J0818—3232 251.36 1.87  2161.26 131.8 27.3
J0820—1350 235.96 12.61  1238.10 40.9 39.9 19.0 28 16.0 112.5  0.17
J0820—3921 257.26 —1.58  1073.57 179.4 - - - - 13.4 -
J0820—4114 258.82 —2.72 545.40 113.4 - - - - 42.6 -
J0821—4221 259.83 —3.14 396.73 270.6 - - - - 10.8 -
J08234-0159 222.06 21.26 864.80 23.7 22.3 15.8 54 8.0 13.1 1.21
J0828—3417 254.04 2.58  1848.90 52.2 52.5 13.3 5 49.2  0.27
J0835—3707 257.15 2.00 541.40 112.3 113.5 6.9 1 8.0 33.2  0.21
J0837—4135 260.98 —0.32 751.60 147.3 147.8 23.2 303 4.0 152.2  0.15
J0838—2621 248.81 8.98 308.58 116.9 - - - - 9.6 -
J08434-0719 219.40 28.22  1365.86 36.6 - - - - 15.9 -
J0846—3533 257.26 4.72  1116.00 94.1 - - - - 103.1 -
J0855—3331 256.92 7.53  1267.50 86.6 89.7 9.9 12 8.0 42,5  0.23
J0900—3144 256.16 9.49 11.11 75.7 - - - - 20.8 -
J0908—1739 246.19 19.86 401.60 15.8 23.9
J092240638 225.48 36.40 430.60 27.3 26.4 18.2 195 4.0 96.8  0.19
J0944—1354 249.20 28.86 570.20 12.4 - - - - 43.1 -
J095340755 228.97 43.71 253.00 2.9 3.0 14.0 657 2.0 128.7  0.11
J102241001 231.86 51.11 16.40 10.3 10.4 9.6 266 0.5 318.7  0.03
J1024—0719 251.77 40.53 5.10 6.4 - - - - 33.4 -
J1038+4-0032 247.15 48.47 28.85 26.6 — — — - 18.1 —
J1046+4-0304 246.48 51.71 326.20 25.3 28.2 9.8 1 8.0 25.5 0.38
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For some pulsars, the on-pulse distribution peaks at the mean energy, as seen
for PSR J0742—-2822, PSR J0630—2834, PSR J0837—4135, and PSR J0922+0638.
In the case of PSR J0742—2822, the energy histograms separate out clearly with no
zero energy excess in the ON histogram, suggesting that this pulsar does not null.
For other pulsars (PSR J0448—2749, PSR, J0828—3417, and PSR J1046+0304), the
histograms overlap just because the S/N is low and not necessarily because the pulsar
actually nulls. But it is important to note here that the statistics are limited by the
relatively short observation time in the survey. So, we did not fit any Gaussians to
the histograms since the errors would be large. Even if the pulsar is nulling, there
are insufficient pulses to form a distribution for estimation of the nulling fraction in

our analysis.

2.6 Intermittency measure

The two search algorithms used for pulsar searching show varying levels of
efficiency which depend upon the properties of each particular pulsar (McLaughlin
& Cordes, 2003). Following Deneva et al. (2009), we calculated the intermittency
ratio

r= = (2.2)

for each pulsar from the S/N value of the single-pulse and periodicity searches and
r is plotted versus the number of periods in Ty (see Fig. 2.4). All the pulsars
re-detected in our analysis except PSR J0410—3113 were detected in a previous

periodicity search. The pulsars on the upper left have longer periods and the pul-
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Figure 2.3: Normalized histograms of on-pulse (dashed) and off-pulse (solid) ener-

gies, for 10 of the total 21 re-detected pulsars.
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Figure 2.4: Intermittency measure for each pulsar detection in our survey.

sars on the lower right of this plot are millisecond pulsars. Pulsars with r > 1
(PSRs J0726—2612 and J08234-0159) are more likely to be detected with single-pulse
searches. PSR J0726—2612, with r ~ 1.1, has P = 3.4 s and DM = 69 pc cm ™2 and
PSR J0437—4715, with r ~ 0.02, has P = 5.7 ms and DM = 2.6 pc cm3. These
ratios are higher than one would expect in longer surveys, because of the dependence
of sensitivity on number of pulses. The integration time for this survey was rela-
tively short (265 s) and we detected 50% of pulsars from single-pulse search. This
can be compared to the PM survey with long integration time (2100 s), in which
the single-pulse detections were only about 30% of the total pulsar discoveries from

periodicity search (Keane et al., 2010).
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2.7 Conclusions

We have presented the results of a single-pulse search of the PH pulsar survey.
We re-detected 20 of the previously known pulsars reported by Burgay et al. (2006)
and detected one RRAT. No FRBs were found in this analysis. Out of these 21
re-detections, we have constructed pulse energy histograms for 10 pulsars for which
the observed number of pulses was more than 100 . For PSR J0742—2822, the on-
pulse and off-pulse histograms separate out clearly, suggesting it does not null over
the observing span. The observation time, being relatively short, is insufficient for

estimation of the nulling fraction.
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Chapter 3

Event rate of Fast Radio Bursts

The work in §3.1, §3.2, and §3.3 of this chapter was originally
published as: A. Rane, D. R. Lorimer, S. D. Bates, N. McMann, M.
A. McLaughlin, K. Rajwade, ‘A search for rotating radio transients and
fast radio bursts in the Parkes high-latitude pulsar survey’, MNRAS,
volume 455, p. 2207-2215, 2016. The work in § 3.4 of this chapter
was originally published as: F. Crawford, A. Rane, L. Tran, K. Rolph,
D. R. Lorimer, J. P. Ridley, ‘A search for highly dispersed fast radio
bursts in three Parkes multibeam surveys’, MNRAS, volume 460, p.

3370-3375, 2016.

3.1 Introduction

In this Chapter, we further investigate the results presented in Chapter 2.
Although our analysis did not result in any new FRB detections in the Parkes high
latitude survey, it is important to consider the impact of this null result on the FRB
event rate R. To put our results into context, we also consider a number of other

surveys at Parkes in the calculation presented in this Chapter.
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3.2 Bayesian Approach

To constrain R, we apply a Bayesian approach which uses the FRB detections
in each survey. Using Bayes’ theorem (see, e.g., Wall & Jenkins 2003), the posterior

probability density function for R, given the detection of n pulses

p(Rln) o< p(n|R)p(R), (3.1)

where p(n|R) is the likelihood of getting n detections given some R and p(R) is the
prior on the rate of FRBs considered to be a flat prior that assigns equal likelihood
on all possible values of the parameter. Taking n = 0 from Petroff et al. (2014)
and assuming the counting of these rare events as a Poisson process, the likelihood

function

(RAPTP)O eXp(—fRTpAp)
0! ’

p(OIR) = (3.2)

where Ap = 4449 deg? and Tp = 540 sec is the total observation time for each
pointing. The subscript P corresponds to the values for Parkes. The numerical
factor f = (86400 x41253)~! is inserted to compute R in units of bursts day ! sky .

The posterior probability density of the FRB event rate can be computed as

p(R|0) = KiR exp(— fRTpAp), (3.3)

where K is a normalizing constant which ensures that the above expression in-

tegrates over all values of R to unity. Integrating this function, we find that
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the mean FRB rate based on zero FRBs in the HTRU mid-latitude survey is
R = 0.22735, x 10°> FRBs day~! sky~!, where the uncertainties represent the 99%
confidence interval. To include the FRB detections and null results from subse-
quent surveys, a similar calculation is performed to determine the FRB event rates
for individual surveys as listed in Table 3.1.

The surveys were processed using different search algorithms and therefore the
rates need to be modified following the results of Keane & Petroff (2015) in order to
combine the individual event rates. As per the response curve shown in Figure 1 of
Keane & Petroff (2015), we get the corrected S/N from the use of these algorithms

by defining the efficiency factors, nqqan and 7secx. For dedisperse_all, we find

n S/Ndedisperse,all
ddall —
S/Nmax

=0.83. (3.4)

and, for seek,

S / N, seek
Tlseck =
S / N, max

= 0.89. (3.5)

3.3 Discussion

The FRB searches we consider in this analysis are the results of reprocess-
ing the Parkes Multibeam (PMPS) survey which used destroy (Keane et al., 2010,
2011), the PH survey which used seek (this paper), the Swinburne intermediate and
high-latitude (SWIN) surveys which used dedisperse_all (Edwards et al., 2001;
Jacoby et al., 2009; Burke-Spolaor & Bannister, 2014), the HTRU high-latitude

(HTRU high) survey which used dedisperse_all (Thornton et al., 2013; Thorn-
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ton, 2013), and the HTRU mid-latitude (HTRU mid) survey which used Heimdall
(Petroff et al., 2015a). In addition to this, the HTRU surveys were carried out us-
ing the digital back-end, Berkeley-Princeton-Swinburne Recorder (BPSR), whereas
the older Parkes surveys used the analogue filterbank (AFB). In order to compare
all Parkes surveys, the digitization loss factors § depending on the back-end used
need to be considered in our analysis. For AFB, § = 1.25 and for BPSR, 5 = 1.07
(Kouwenhoven & Votte, 2001). We then insert the efficiency factors into the mini-

mum fluence equation calculated for each processed survey

Fmin _ ﬁ TsyS(‘g/N)min\/W (3.6)

G Nsoft \/ NpAV ’

where T,s = 28 K is the system temperature, G = 0.66 K/Jy is the telescope gain,
N, is number of polarizations, Av is the bandwidth, s is either 7seek Or 7Madan
depending the survey, and w is the pulse width equal to the sampling time when
calculating the minimum fluence. The HTRU mid-latitude survey has the lowest
minimum fluence as can be seen in Table 3.1. The event rates of other surveys
are scaled to this lowest Fr;;/ ? which is the simplest model assuming a uniform
distribution of standard-candle FRBs in Euclidean geometry. The modified event
rates are shown in Fig. 3.1. Combining all these individual rate estimates, Fig. 3.2
shows our current best estimate of R. The mean FRB rate from this distribution
is 4.475% x 10® FRBs day~! sky~! for sources with a fluence above 4.0 Jy ms at

1.4 GHz, where the uncertainties represent a 99% confidence interval.
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3.4 All-sky event rate of FRBs

To demonstrate that this rate is consistent with all the surveys considered
here, we list in Table 3.1 the predicted upper and lower bounds on the number of
FRBs expected in each survey which use these 99% confidence intervals on R and
scale it back to each survey’s fluence limit. In addition, we make predictions for
future analyses of the Perseus Arm (PA) pulsar survey (Burgay et al., 2013) and
HTRU low-latitude survey (Thornton, 2013). The event rate is estimated assuming
FRBs are uniformly distributed on the sky. We now consider the impact of this
assumption. The Galactic effects such as dispersion in the ISM, scattering in the
ISM, scintillation, and sky temperature can limit the sensitivity of a survey. Fol-
lowing the discussion in Petroff et al. (2014) about decreased sensitivity to FRBs at
|b| < 15, we compare the sensitivity based on sky coverage for the Parkes surveys
considered in our calculations. The non-Galactic DM contribution at high latitudes
range between 520 and 1070 cm ™ pe. The Galactic dispersion at these latitudes is
only about 50 cm~2 pc, whereas the average Galactic dispersion at intermediate lat-
itudes and near the Galactic center are 380 cm™3 pc and 1780 cm ™3 pc respectively.
The FRB pulses with an additional non-Galactic DM contribution at these lower
latitudes would still be recovered in the surveys considered above as they have been
searched to a sufficient DM, with the maximum trial DM in each of these surveys
being > 2000 cm ™ pc.

The average sky temperature values for four of these surveys range between

0.85 K to 3.18 K and about 6.14 K for the PMPS survey (Burke-Spolaor & Bannister,
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2014). Sky temperature is therefore not a significant factor in limiting the sensitivity
when comparing these surveys.

FRBs discovered so far (except FRB 110220) show few effects of scattering
(see, e.g., Lorimer et al., 2013). Petroff et al. (2014) determined that more than
85% of survey pointings in the intermediate latitude survey are still sensitive to
FRB signals even in the presence of strong scattering in the ISM near the Galactic
center. This percentage will differ for AFB surveys as the number of channels,
sampling time, and digitization factors are different but is still small compared to
overall uncertainty in the FRB event rate at this point.

Petroff et al. (2014) analyzed how the combination of these effects limits sen-
sitivity for survey pointings and determined that a simulated FRB pulse with prop-
erties similar to the FRBs in Thornton (2013) falls below the detection threshold in
only 14% of all intermediate latitude pointings assuming no scattering in the ISM.
We combine the individual rates since the sensitivity variations between AFB and
BPSR are within the uncertainty of rate of FRBs. Petroff et al. (2014) argue that
since the percentage of pointings no longer sensitive to FRB pulses decreases to 14%,
the null result is discrepant with the original predictions based on a higher event
rate. Although, if the event rate of FRBs is much lower than previous estimates,
it still explains the null result at intermediate latitudes (Table. 3.1). Therefore, we
argue that the lack of detections at intermediate latitudes and the null result in our
analysis presented in Chapter 2 are likely to be due to a lower FRB rate and does

not necessarily imply a dearth of FRBs at intermediate latitudes.
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3.5 Additional Parkes surveys and modified event rate

In addition to the Parkes high latitude survey, Crawford et al. (2016) processed
three more surveys to search for highly dispersed bursts. These surveys originally
targeted the Magellanic Clouds (in two cases) and unidentified gamma-ray sources at
mid-Galactic latitudes (in the third case) for new radio pulsars. The results obtained
from the processing of these surveys are combined with results from previous surveys
to determine a new constraint on the all-sky FRB rate. These other large-scale
Parkes surveys have all been searched out to high DMs (at least a DM of 3000 pc
cm~?; see Table 2 of Burke-Spolaor & Bannister 2014).

To summarize:

e The HTRU intermediate-latitude survey (Petroff et al., 2014). A total of 1154

hr of on-sky time was recorded. No new FRBs were found.

e The Swinburne Multibeam (SWIN) survey (Burke-Spolaor & Bannister, 2014).

925 hr total was recorded and one new FRB was discovered.

e The Parkes Multibeam Pulsar Survey (PMPS) (Keane et al., 2010, 2011). This
survey targeted low Galactic latitudes and had an on-sky integration of 2115

hr. One new FRB was detected here.

e The Parkes High-latitude (PH) Survey (Burgay et al., 2006). 506 hr of total

on-sky time was recorded with no new FRBs found.

e The EGU survey targeted 56 unidentified mid-Galactic latitude gamma-ray
sources from the third EGRET catalogue (Hartman et al. 1999, Crawford et
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al. 2006).

e The PLMC survey is a new pulsar and transient survey of the LMC which
is sensitive to millisecond pulsars in the LMC for the first time (Ridley et al.

2013).

e The SMC survey was a deep search for pulsars in the Magellanic Clouds (Craw-
ford et al. 2001, Manchester et al. 2006, Ridley et al. 2013, Lorimer et al.

2007).

We added the 7512 hr of time from the surveys above to the 719 hr from
our three surveys, and following the method described in § 3.1, we ran a likelihood
analysis to determine a statistically likely all-sky rate of detectable FRBs. From this
combined survey set, we find a rate of R = 3.3737 x 10° events per day per sky above
a fluence limit of 3.8 Jy ms at the 99% confidence level. This is an improvement
over the previous estimate of R = 4.41“2:? x 10® events per day above a 4 Jy ms
fluence limit (99% confidence). Fig. 3.3 shows the likelihood function for both the
old and new all-sky rates.

Our derived FRB event rate above a uniform fluence threshold combines the
results of the rates determined individually from the 8 different Parkes surveys,
while also accounting for the different single-pulse search processing methods and
different telescope backends used in these surveys. Other rate estimates that have
been published from Parkes observations have used only a single survey or subset of
surveys (e.g., the HTRU-S survey analysed by Champion et al. 2016 and Keane &
Petroff 2015) which have a smaller total on-sky time than the combined set of surveys
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that we used. Given the large uncertainties in all of these rates (including ours),
they are all compatible with each other. We note that the PMPS was conducted
at low Galactic latitudes (|b| < 5°), and Galactic-plane effects may significantly
influence detectability of any FRBs present and hence can affect underlying FRB
rate estimates.

The inclusion of this information in the future analysis of other Parkes multi-
beam surveys (such as the complete PLMC survey, of which only 20% has been
observed and processed; Ridley et al. 2013) will help further constrain the all-sky

FRB rate.

3.6  Conclusions

We estimated an all-sky event rate of FRBs using Bayesian analysis and ap-
plying it to all the pulsar surveys that have been searched for FRBs. We used results
from six surveys and, accounting for the different backends used in each survey, total
sky coverage and total observation time, we determined that the total event rate of
FRBs with a fluence above 4.0 Jy ms is R = 4.475% x 10° FRBs day~' sky ™' at the
99% confidence level. Three additional archival Parkes surveys were searched later
and found no FRBs. We incorporated these results and using the same Bayesian
analysis, modified our event rate of FRBs. This resulted in an even lower all-sky
rate of R = 3.3757 x 10° events per day per sky above a fluence limit of 3.8 Jy ms
at the 99% confidence level. This result led us to conclude that lack of detections at

intermediate latitudes are likely to be due to a lower FRB rate as compared to the
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Figure 3.3: The posterior probability density function of the event rate of Parkes-
detectable FRBs, determined from the 5 Parkes surveys (totaling 7512 hr) analyzed
in § 3.4 (dashed curve) and from the addition of the 3 Parkes surveys (totaling
719 hr) described in § 3.5 (solid curve). All surveys were searched to high DMs
(at least 3000 pc cm™3). The rate analysis considered the different single-pulse
search processing methods and observing backends used in the different surveys.
The resulting new all-sky FRB rate is R = 3.3757 x 10% events per day per sky
above a fluence limit of 3.8 Jy ms at the 99% confidence level.
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rate estimates done previously (~ 10000 FRBs per day per sky) and does not nec-
essarily imply a dearth of FRBs at intermediate latitudes as proposed by (Petroff et
al., 2014). Additionally, we predicted the number of expected discoveries in future

planned surveys.
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Chapter 4

Searching for host galaxies of potentially extragalactic RRATSs
The work in this chapter was originally published as: Akshaya
Rane and Avi Loeb, ‘Searching for host galaries of potentially extra-

galactic RRATs’, MNRAS Letters, volume 467, L11-L15, 2017.

4.1 Introduction

FRBs are millisecond-duration bright radio bursts, first reported in 2007 (Lorimer
et al., 2007). FRBs have dispersion measures that are greater than the maximum
Galactic value expected in their direction. All of the FRBs published so far (see
Chapter 1) have been detected between 0.7 - 1.5 GHz and only one of them has been
observed to repeat. Recently, a host galaxy has been confirmed for this repeating
FRB 121102 at a redshift of 0.19 (Tendulkar et al. 2017, Marcote et al. 2017, Chat-
terjee et al. 2017). This association confirms FRBs as extragalactic provided other
FRBs are similar to this one. Another possible repeat event as inferred by Maoz
et al. 2015 to be originating from the same source is still under debate since the
positions are consistent but the DMs are very different. Fourteen of these sources
have been detected at high Galactic latitudes (|b| > 5) and their large dispersion
measures (DM ~ 375 — 1700 pc ecm™?) exceed the expected Galactic contribution

predicted by the NE2001 model in the direction of the bursts (Cordes & Lazio,

76



2002), suggesting an extragalactic origin.

Since the telescopes that are efficient in detecting these bursts are single-dish,
the beam sizes are typically a few arcminutes which makes the position uncertainty
large, limiting the ability to identify the host galaxy. The excess DM suggests red-
shifts in the range ~ 0.3—1.3 for FRBs if it originates from the intergalactic medium.
Given these circumstances, it is extremely difficult to associate an FRB with a
particular host galaxy unless there is some extraordinary evidence for coincident,
transient multiwavelength emission within the beam or if it repeats and follow-up
interferometric observations pinpoint the host galaxy similar to FRB 121102.

In view of the lack of any extragalactic counterparts identified so far, a number
of other scenarios remain equally intriguing. Loeb et al. (2014) considered the
case of nearby Galactic flaring main-sequence stars within 1 kpc as the sources of
FRBs. They propose that the excess dispersion comes from propagation through
the stellar corona. However Luan & Goldreich (2014) argued that the free-free
absorption would conceal any radio signal emitted from below the corona. Also,
FRBs exhibit quadratic dispersion curves that are consistent with the assumption
of weak dispersion in a low density plasma. So, for the above model, in which
the dispersion is concentrated in a relatively high density region, the quadratic
dispersion approximation breaks down as the plasma frequency is comparable to the
propagation frequency, posing significant problems for this model (Dennison, 2014).
However, Maoz et al. (2015) have recently found possible flare stars in additional
FRB fields using time-domain optical photometry and spectroscopy. The authors
have evaluated the chance probabilities of these possible associations to be in the
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range 0.1% to 9%. FRB 140514 was discovered in the radio follow-up observations of
FRB 110220, three years apart within the same radio beam. Maoz et al. (2015) also
claim that these two FRBs are from the same repeating source with 99% confidence
and are consistent with the flare-star scenario with a varying plasma blanket between
bursts. More FRB detections in general are necessary to confirm or refute a Galactic
origin of at least a subset of FRBs.

Since pulses from RRATSs are largely indistinguishable from FRBs, as ex-
plained in detail in § 4.2, we decided to find and confirm the origin of a subset
of RRATSs that appear to be close to the edge of the galaxy. Taking into account
the uncertainty in the free electron density model, these RRATSs could possibly have
an extragalactic origin. The excess DM for our sample is not as high as seen in
FRBs, corresponding to very low redshifts (z < 0.01). For example, a redshift of
0.001 corresponds to an angular diameter distance of ~ 4.3 Mpc. The size of a
nearby host galaxy (diameter ~ 25 kpc) at this redshift is ~ 16/, comparable to the
beam size of a single-dish telescope (for example, the Parkes beam width is 14').
This similarity of scales would make the association, if found, more definitive than
at cosmological distances, where many galaxies are found within the telescope beam.

Before it was discovered that FRB 121102 is repeating, Keane et al. (2016)
discussed the uncertainty in the RRAT /FRB classification by analysing RRATs from
which only one pulse has been detected so far. Although, multiple bursts have been
detected for FRB 121102, no period is yet been confirmed. This is similar to some
of the RRATSs for which finding an unique period is extremely difficult if the pulse

has too many components or if the period is very small. The only clear distinction is
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then associated with their DM values as of now. If there is any additional difference
in RRATs and FRBs related to their intrinsic spectral properties, then in that case,
finding a host galaxy can really help in order to constrain emission models for these
bursts.

In § 4.2 we compare the most commonly used model for the Galactic distribu-
tion with a newly available model to derive the DM distribution of radio transients
on the sky. In § 4.3 we outline the basic criterion used to choose our RRAT sample.
The results for each RRAT candidate are discussed in § 4.4. In § 4.5 we discuss
the non-detection of host galaxies and related probabilities. Finally, in § 4.6 we

summarize our results and present our conclusions.

4.2  Galactic free electron density models

The NE2001 model (Cordes & Lazio, 2002) describes the structure of ionised
gas in the Galaxy and is widely used to estimate distances to radio pulsars for
which DM is the only distance indicator. In the case of FRBs for which the DMs
are too high, this model is used to estimate the DM contribution in the direction of
FRB from the Galaxy. This model is based on the observed DMs of Galactic radio
pulsars and includes contributions from the thin disk associated with low-latitude
HIT regions, the thick-disk, the spiral arms, small-scale features corresponding to
local ISM, individual high-density clumps and voids. However, the uncertainty in
the NE2001 model could be more than ~ 20%, particularly at higher latitudes, as

also discussed in Gaensler et al. (2008).
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Recently, a new model by Yao, Manchester and Wang (Yao et al., 2016), called
as YMW16 has been proposed for the distribution of free electrons in the Galaxy,
the Magellanic Clouds, and the inter-galactic medium (IGM). This model is based
on measurements from 189 pulsars with independently determined distances. We
compared the two models by integrating both models to the edge of the Galaxy for
each radio transient’s direction. The list of pulsars in the Milky Way, SMC and the
LMC is obtained from Manchester et al. (2005). The ratio r of the measured DM
to the maximum Galactic DM versus the measured DM is plotted for the NE2001
model in Spitler et al. (2014) and is reprinted here (see Figure 4.1. We show a similar
plot for the YMW16 model in Figure 4.2. If we compare the two plots, we can see
that the galactic DM contribution is lowered along certain lines of sight towards the
galactic center (GC) pulsars with the newer model, minimizing the gap between GC
pulsars and the overall pulsar population. Pulsars in the LMC and SMC and FRBs
all have r > 1, consistent with the NE2001 model. A small fraction of pulsars have
r > 1 in both models, possibly due to uncertainties or them being in the Galactic
halo but we will not discuss these pulsars here. Another promising difference between
the two models is that all RRATs had r» < 1 according to the NE2001 model, thus
confirming their Galactic origin; however, according to the YMW16 model, some
RRATSs now have shifted to having r slightly above 1. Assuming this model is
closer to the true values than the NE2001 model, these RRATs are very similar
to some FRBs. Thus this RRAT sample provides a promising opportunity to find
host galaxies that are close to us since their excess DM is much lower than most

of the FRBs. We also compared the pulse widths, fluxes, and r-values for both
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Figure 4.1: The ratio of measured DM to maximum Galactic DM versus the mea-
sured DM (in pc ecm™3) for all radio transients. The maximum Galactic DM is calcu-
lated by integrating the NE2001 model to the edge of the Galaxy for each transient’s
direction. The dashed line shows the maximum ratio expected for Galactic objects
if the electron density is accurate for all lines of sight.
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Figure 4.2: The ratio of measured DM to maximum Galactic DM versus the mea-
sured DM (in pc ecm™3) for all radio transients. The maximum Galactic DM is calcu-
lated by integrating the YMW16 model to the edge of the Galaxy for each transient’s
direction. The dashed line shows the maximum ratio expected for Galactic objects
if the electron density is accurate for all lines of sight.

RRATSs and FRBs, as seen in Figure 4.3. The two sample Kolmogorov-Smirnov test
measures the greatest distance D between the cumulative distribution functions of
the two sample distributions and gives a probability that the two samples are drawn
from the same parent distribution described as a p—value. We got D = 0.37 and a p-
value of 0.03 for the pulse widths, thus indicating that the pulse width distributions
of the two populations are not significantly different. For the flux and r-values
distribution, we got D = 0.80, 0.82 and smaller p-values (9.10 x 1079, 1.22 x 107
respectively). This is not surprising since the peak fluxes and r-values of known

FRBs are higher than RRATS.
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Figure 4.3: The normalized histograms of peak fluxes, pulse widths, and the ratio
of measured DM to maximum Galactic DM versus the measured DM for RRATSs
and FRBs.

4.3 RRAT sample

In an attempt to find host galaxies as discussed in § 4.1, we have selected a sam-
ple of RRATs which have r greater than 0.9 and for which DMgjg = DM — DMyw
is less than 10 pc cm ™ as seen in Figure 4.4. These RRATs may be at the edge
of our galaxy. The second criterion is imposed so that the measured DM value is
within the uncertainty of the electron density model. Both the criteria therefore

make these RRATSs either Galactic or extragalactic.

4.4 Results

Next, we discuss the individual RRAT candidates which could possibly be
FRBs. If the DM due to the host galaxy is neglected and if the excess DMyg is
assumed to be entirely due to the intergalactic medium, then we infer a redshift
z ~ 0.005 and distances up to ~ 20 Mpc. But since these RRATs have low DM and
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Figure 4.4: A zoomed in plot of the ratio between the measured DM and the max-
imum Galactic DM versus measured DM subtracted from maximum Galactic DM
for RRATS.

the Galactic DMyw uncertainties might be within this excess, we search for galaxies
within 120 Mpc (corresponding to a DM ~ 30pc cm ™ for the local density of the
intergalactic medium) at the corresponding beam size based on the redshift infor-
mation provided on NED! and the GLADE catalog which is exclusively constructed
for nearby galaxies. Since this RRAT sample which has no sources with |b] < 5,
the galaxy catalogs being incomplete is not concerning. The summary is given in
Table 4.1. The DMy, contribution is determined from the free electron density
profile as a function of galecto-centric radius obtained by the latest model that fits
best O VIII observations (see Figure 8 of Miller & Bregman 2015). The number of
objects found in NED within this search radius are listed in each subsection, and if

the spectrum is available then their redshifts are determined by cross-correlating the

!The NASA /IPAC Extragalactic Database (NED) is operated by the Jet Propulsion Labora-
tory, California Institute of Technology, under contract with the National Aeronautics and Space
Administration.
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Figure 4.5: The ratio of measured DM to maximum Galactic DM plotted against

the difference in measured DM and maximum Galactic DM for each RRAT in our
sample within the beam uncertainty.

spectrum against template spectra using the IRAF task XVSAO in the RVSAO pack-
age (For list of templates, see http://tdc-www.harvard.edu/iraf/rvsao/Templates/).
We also determined the variation in DMyw within the beam uncertainty using the
YMW16 model for each RRAT, as seen in Figure 4.5. The DMy variation is

within 12% for all six RRATS.

44.1 RRAT J1332—-03

This RRAT was discovered in the 350-MHz Drift-scan pulsar survey with the
GBT and was confirmed in follow-up observations and the period was determined
as well (Karako-Argaman et al., 2015). The uncertainty in the beam position is

19.4’ at 350 MHz. The four extra-galactic source galaxies found within this search

radius are listed in Table 4.2. For LCRS B133012.2-031854, we did not find any
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Table 4.1: The subset of RRATSs included in our sample. Columns 1 to 5 list the
RRAT name, Galactic longitude and latitude, uncertainty in position §, and mea-
sured DM, as obtained from the RRATalog. Column 6 lists the Galactic contribution
to the DM, column 7 lists the ratio of measured DM to the maximum Galactic DM
along that line of sight. Column 8 lists contribution to the DM from the Galactic
halo and column 9 reports number of extragalactic objects seen within the search
radius of beam uncertainty. The search was carried out in NED out to 120 Mpc.

Name [ b ) DM DMmW r DMhalo Nobj

RRAT (o) () () (pcem™) (pcem™) (pc cm™)
J1332—-03 322.25 5791 194 27.1 24.23 1.12 0.50 4
J0156+04 152.00 —55.00 7.5 27.5 25.18 1.09 0.50 1
J1603+18 32.85 4528 7.5 29.7 29.21 1.02 0.50 0
J1354+24 2743 7578 194 20.0 20.48 0.98 0.07 0
JO837—-24 247.45  9.80 7.0 142.8 147.30 0.97 0.22 1
J1433+00 349.75 53.79 7.5 23.5 26.02 0.90 0.06 1

spectrum from the online literature. All of these galaxies have higher redshifts than
what we would require to account for the intergalactic medium contribution. Hence

these galaxies are most probably not related to this RRAT.

4.4.2 RRAT J01564-04

This RRAT was discovered in the single-pulse search of the data obtained in
the Arecibo Drift Pulsar survey at 327 MHz and two pulses were observed from it
at only one epoch (Deneva et al., 2016). Follow-up observations detected no pulses
from this RRAT. The uncertainties in both the coordinates are 7.5, the 327 MHz
beam radius. We found one galaxy within this beam with a redshift of 0.18, higher
than what would be expected, hence indicating no association with this RRAT

(Table 4.2).
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4.4.3 RRAT J1603+18

This RRAT was also discovered in the Arecibo Drift Pulsar survey at 327 MHz
and was confirmed in follow-up observations and the period was determined as well
(Deneva et al., 2016). We did not find any galaxy within a search radius of 7.5’ from

the beam center up to 120 Mpc.

4.4.4 RRAT J13544-24

This RRAT was discovered in the Green Bank North Celestial Cap survey
(GBNCC) at 350 MHz (Karako-Argaman et al., 2015). We did not find any galaxy

within a search radius of 19.4" up to 120 Mpc.

4.4.5 RRAT J0837—24

This RRAT was discovered in the single-pulse search of the High Time Res-
olution Universe (HTRU) pulsar survey carried out with the Parkes telescope at
~ 1.4 GHZ (Burke-Spolaor et al., 2011). We found one galaxy within the beam ra-
dius of 15.0" of Parkes. We could not find a spectrum for this galaxy and hence the
redshift is determined using the luminosity-size relation (see equation 4 of McIntosh
et al. 2005). The inferred redshift of 0.15 is too high, indicating no association with

this RRAT (Table 4.2).
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4.4.6 RRAT J14334-00

This RRAT was discovered in the Arecibo Drift Pulsar survey at 327 MHz and
was confirmed in follow-up observation (Deneva et al., 2016). The 2dFGRS source
found within the search radius of 7.5 was at an inferred redshift of 0.07, higher than

what would be expected, so it is unrelated to the RRAT (see Table 4.2).
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4.5 Discussion

Since we did not find any plausible host galaxy that might be associated with
any of the six RRATSs in our sample, these most likely do not have an extragalactic
origin. For RRAT J1603+18, the DMy, contribution adds to match the measured
DM and hence this RRAT might be within the halo of our galaxy. We have also
determined the DM associated with the local group by checking the direction of each
of these RRATSs based on the right panel of Figure 3 in Rubin & Loeb (2014), which
yields a DM ~ 5pc em ™. RRATSs J1332—03 and J0156+04 could reside within the
local group.

The probability of finding a galaxy within the volume out to 120 Mpc by
chance for a beam radius of 7.5 is ~ 0.043, whereas for a beam radius of 19.4" it is
~ (.28, based on the average number density of galaxies within the search volume

using NED. Our null result is thus consistent with this estimate.

4.6 Summary and conclusions

We have presented a search for host galaxies in a subset of RRATSs that are at
the edge of our Galaxy. These RRATSs are interesting since they could either have
Galactic or extragalactic origin. In the latter case, the sizes of the host galaxies
on the sky at such distances would be comparable to the beam size of a single-
dish telescope. We did not find any nearby host galaxy associated with the six
RRATS in our sample. Although finding nearby galaxies for such RRATSs that could

possibly be FRBs is a novel approach, the probability of actually finding a nearby
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host galaxy is low. Nevertheless, we suggest applying this search strategy to new
discoveries of RRATSs that will be in the uncertainty zone of the electron density
model. Follow-up observations could determine if these RRATs are of a Galactic

origin or are extragalactic FRBs, and help us pin down the mysterious origin of

FRBs.
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Chapter 5

Empirical Population Models for Fast Radio Bursts

The work in this chapter will be submitted to MNRAS as: A.
Rane, D. R. Lorimer, J. Newman, K. Ponder, S. K. Sarbadhicary, B.
Zhang, D. Palaniswamy, ‘Empirical Population Models for Fast Radio

Bursts’.

5.1 Introduction

As discussed earlier in this thesis, FRBs are very bright, short millisecond
bursts of radio waves that are highly dispersed. Due to the short duration of FRBs
(typical pulse widths are 0.3—16.0 ms), the emission regions of these exotic astro-
physical events must be small. For all 23 bursts published to date (Lorimer et al.
2007; Keane et al. 2012; Thornton et al. 2013; Spitler et al. 2014; Burke-Spolaor
& Bannister 2014; Ravi et al. 2014; Petroff et al. 2015a; Masui et al. 2015; Ravi
et al. 2016; Keane et al. 2016; Champion et al. 2016; Caleb et al. 2017), the dis-
persion delay with observing frequency v follows a =2 frequency dependence and
the scattering indices, when measurable, follow v~* frequency dependence, similar
to pulsars, both of which are consistent with theoretical values for a pulse traveling
through a cold turbulent plasma of free electrons. However, the very high DM, in

the range 260—1630 cm™?pc, are more than an order of magnitude larger than the
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DM contribution expected from the interstellar medium of the Milky Way in these
directions. This is highly suggestive of an extragalactic origin.

Although a variety of models have been proposed to explain the physical origin
of FRBs (see § 1.4.3), the true progenitor source (or sources) remains unknown.
Theories for the progenitors of FRBs must explain the large DMs and seemingly
high energy output and must be consistent with the very high FRB event rates
inferred from current observations (see Chapter 3). With only a small sample size
of FRBs, many of their properties are consistent with a number of progenitor models.
Many follow-up observations have been carried out to search for repeating bursts at
the location of known FRBs and to see if there is emission at other wavelengths.

So far, only one FRB, 121102, has been observed to repeat (Spitler et al., 2014,
2016; Scholz et al., 2016). This discovery demonstrated that its source survives the
energetic bursts and ruled out models involving cataclysmic events. But since none
of the other FRBs have been observed to repeat so far, other models cannot be ruled
out completely as of now. Additionally, the other 17 FRBs were discovered with
single-dish telescopes with a beamsize of a few arc-minutes (e.g., 14’ for the Parkes
telescope). This makes the localization extremely difficult to determine. The follow-
up observation of FRB 121102 with the interferometric Karl Jansky Very Large
Array (VLA) recently localized it at sub-arcsecond resolution and located its star-
forming host galaxy at a redshift of ~ 0.19 (Tendulkar et al., 2017) and determined
association with a persistent and compact radio source (Chatterjee et al., 2017).
The properties are consistent with two scenarios based on the data from this burst.

Marcote et al. (2017) argue that the source could be associated with either a low-
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luminosity active galactic nuclei or a young supernova remnant powered by a highly
energetic neutron star or a magnetar (Metzger et al., 2017). This FRB, however,
is unique compared to the wider population of FRBs and hence it is insufficient to
claim that all FRBs might be originating in the low-redshift universe similar to FRB
121102.

In this chapter, we present simulations of a cosmological population of FRBs
to constrain the possible physical scenarios for the origin.

Previously, a number of studies have been carried out to simulate the FRB
population to study the observable properties of FRBs, for example, dispersion
measure, flux densities, and pulse widths. Dolag et al. (2015) studied the distribution
and energetics of FRBs using cosmological hydrodynamic simulations. They showed
that the observations are consistent with FRBs being standard candles and found
a constant isotropic burst energy of ~ 7 x 100 ergs. Caleb et al. (2016) assumed
a log-normal intrinsic energy distribution of FRBs and compared the cosmological
simulated population with the nine FRBs discovered in the HTRU high latitude
pulsar survey (Thornton, 2013; Champion et al., 2016). The FRBs were considered
to be uniformly distributed over a co-moving volume and also following the cosmic
star formation history. The cumulative number of sources N within some volume

corresponding to a distance d that are detectable above some flux threshold S is

N(>§) = N(< d) = %ﬁmﬁ, (5.1)
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where n is the number density. If all sources have same intrinsic luminosity L then

(5.2)

substituting for d gives

N(>S) o 732 o S, (5.3)

Here a is the power law index which has the value —3/2 in this simple model. Caleb
et al. (2016) determined « to be —0.9 £ 0.3. Oppermann et al. (2016) investigated
the distribution of observed flux densities with a simulated population and found
that they are consistent with a constant number density of FRBs in Euclidean
space. These authors also constrained the spectral power law index of FRBs «a to
be between —0.8 and —1.7 which is consistent with the results from Caleb et al.
(2016).

In another study, Bera et al. (2016) assumed the spectral energy density de-
pending on some emission profile for FRB. They used FRB 110220 as a reference
event for their analysis. They also used two models to account for the scatter
broadening arising from the IGM. The first model is based on the empirical relation
between the width and the DM due to the ISM and rescaling it for scattering in
the IGM. The second model is a theoretical model in which the amount of temporal
smearing by the IGM is estimated by analyzing the contributions to the scattering
measure (explained in § 1.3) from the diffuse IGM, intervening galaxies, and intra-

cluster gas (Macquart & Koay, 2013). Additionally, some population studies have
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been focused on very specific quantities such as DM in the host galaxy. Yang &
Zhang (2016) performed Monte Carlo simulations by generating a redshift distri-
bution of FRBs to infer the host galaxy DM which is a poorly known parameter.
A study by Xu & Han (2015) simulated the spatial distribution of FRBs in a host
galaxy and calculated the DM along the sightlines to the edge of host galaxies in-
cluding spiral, elliptical, and dwarf galaxies at different inclination angles and found
a mean value of 70 pc cm™3.

We start with similar assumptions about the spatial distribution of FRBs. We
assume that FRBs are uniformly distributed in space and, like many studies of the
pulsar populations (e.g., Lorimer et al., 1993), we do not consider beaming of the
FRBs specifically here. Instead, our simulations pertain to the potentially observ-
able population. We use three distributions for energy and luminosity to generate
FRB events in our simulations. The redshift distribution is drawn from their co-
moving density. The dispersion measures are derived using the properties of the
ISM, IGM, and the host galaxy. We produce energy, redshift, peak flux, DM, effec-

tive width, and signal-to-noise ratio S/N for each simulated FRB and compare this

population to the observed FRBs. The analysis of the models is discussed in § 5.10.

5.2 Comparison sample

The goal of this study is to model the sample of FRBs found at the Parkes

telescope so far using the multi-beam receiver. Specifically, we consider the Parkes
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Table 5.1: The Galactic longitude [, Galactic latitude b, DM, observed pulse width
Wobs, Observed peak fluxes Speakobs, and the survey references of the known FRB
sample used in our analysis.

FRB l b DM Wobs  Opeak,obs Reference
() () (em7’pe) (ms)  (Jy)

010125 356.6 —20.0 790 10.6 0.5 Burke-Spolaor & Bannister (2014)
010724 300.7 —41.8 375 16.0 0.5 Lorimer et al. (2007)
090625 226.4 —60.0 899 1.9 1.1 Champion et al. (2016)
110220  50.8 —54.8 944 6.6 1.1 Thornton et al. (2013)
110626 3559 —41.8 723 14 0.6 Thornton et al. (2013)
110703  81.0 —59.0 1104 3.9 0.5 Thornton et al. (2013)
120127  49.3 —66.2 253 1.3 0.6 Thornton et al. (2013)
121002 308.2 —26.3 1629 54 0.4 Champion et al. (2016)
130626 75 274 952 2.0 0.7 Champion et al. (2016)
130628  226.0 30.7 470 0.6 1.9 Champion et al. (2016)
130729 324.8 o4.7 861 15.6 0.2 Champion et al. (2016)
131104 260.5 —21.9 779 24 1.2 Ravi et al. (2014)
140514  50.8 —54.6 563 2.8 0.5 Petroff et al. (2015a)
150807 336.7 —54.4 267 04 122 Ravi et al. (2016)

HTRU survey (Thornton et al., 2013; Thornton, 2013). The observed quantities of

these FRBs are listed in Table 5.1. The parameter space covered by this observed

sample is plotted in Figure 5.1.

Most of the FRBs discovered with the Parkes

telescope are at high latitudes. At low latitudes, the sky temperature is enhanced

and excessive scattering is observed with increased dispersive smearing which can

explain fewer detections reported for observed population so far (Macquart & John-

ston, 2015). Taking into account these factors, we consider only the high latitude

FRBs in our simulations.
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Figure 5.1: Scatter plots showing the parameter space for the observed FRB sample
considered in this study. The relevant data are listed in Table 5.1.

5.3 Emergy and luminosity distributions

We assume the intrinsic energy distribution to be either a constant or a Gaus-
sian distribution around zero mean with some standard deviation og. The luminosity
distribution is assumed to be either a power law or a Gaussian distribution around
zero mean with some standard deviation oy, which is a free parameter. For the
power law distribution where the probability of having a luminosity in the range

L — L+ dL, we use

aL—l

p(LydL = =— (

L )_% dL. (5.4)

Lmin
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Here L, the minimum luminosity, and the power law index «j, are both free
parameters. In the simulations, L and E values are drawn from one of these distri-
butions. A more detailed discussion about how these distributions are incorporated

in the simulations is given in § 5.8.

5.4 Redshift distribution

The highest inferred redshift of an FRB is about 1.3 for FRB 121002 which has
a DM of 1629 cm~3pc (Champion et al., 2016). We generate events up to a redshift
of 2.5 which is more than sufficient to sample the dispersion measure space of the
known FRBs. We adopt a A—CDM model (explained in § 1.6.9) and follow results
from the Planck Collaboration et al. (2016) with the total energy density Q25 = 0.68,
total matter density €2, = 0.32, and the Hubble constant Hy = 68.0 kms~'Mpc~!.
The maximum co-moving radial distance corresponding to a redshift of 2.5 is 5.889
Gpc, obtained using the online cosmological calculator by Ned Wright.! The co-

moving volume at a redshift of 2.5 is
4
Vas = Vipax = g7r(5.889)3 ~ 856 Gpc?. (5.5)

Within this volume, we can express the co-moving distance

SVman %
D, = : .
( = ) (5.6)

Thttp://www.astro.ucla.edu/~wright /CosmoCalc.html
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Co-moving Distance (Gpc)

Figure 5.2: Co-moving distance as a function of redshift. The redshift is computed
by numerical integration of Equation 5.7 assuming 2, = 0.68 and 2,,, = 0.32.

where ¢ is a random deviate ranging between 0 and 1. Using the ran(2) routine
of Numerical Recipes (Press et al., 1992), we compute D. for each FRB. Following

Hogg (1999), the co-moving distance is

D

(5.7)

() == / =
Hy ) V(1 + 23 4+ Q)

where c is the speed of light and the dimensionless parameters €, and €2, have the
above specified values. The co-moving distance as a function of redshift is plotted in
Figure 5.2. We use this equation to generate redshifts from the co-moving distances
obtained from Equation 5.6 for each of these events assuming constant co-moving

number density of FRBs. We simulate 1000 FRBs for each realization.
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5.5 DM contributions

Once the redshift is determined, we compute the various DM contributions
for each FRB. As discussed in § 1.4, the DM is given by Equation 1.5. If FRBs
are cosmological sources, originating in some host galaxy at a redshift of z then the
radiation emitted by each one is dispersed as it travels from the host galaxy to the
Earth. This dispersion is a function of redshift and different dispersive regions will

contribute to the total DM observed at the telescope

DMobserved - DMMW + DMIGM + DMhOSt7 (58)

where DMy w is the dispersion measure within Milky Way arising due to the inter-
stellar medium (ISM), DMy is due to the intergalactic medium (IGM) and is a
function of redshift, and DMy, is the DM due to the material in the host galaxy

of the source.

5.5.1 Galactic contribution

The DM contribution arising due to the ISM in our Galaxy can be determined
by integrating the NE2001 model (Cordes & Lazio, 2002) to the edge of the Galaxy
along the line of sight of the source. This model is based on the observed DMs
of Galactic radio pulsars and includes contributions from the thin disk associated
with low-latitude HII regions, the thick-disk, the spiral arms, small-scale features

corresponding to local ISM, and individual high-density clumps and voids. We
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generate a list of DMyw values for random lines of sight with |b| > 20° by integrating
this model to the edge of our Galaxy. In our simulations, we choose DMy randomly
from this list for each FRB. The reason for selecting FRBs at |b| > 20° is that the
known FRBs in our sample (See, Table 5.1) have Galactic latitudes greater than

20°.

5.5.2 1IGM contribution

In this case, dispersion takes place at a range of redshifts and is an integrated
effect between the source and observer. We assume that all baryons are fully ionized

and homogeneously distributed so that the electron density in the IGM
Netam = Z(2)Neo(1 + 2)37 (5.9)

where x(z) is the ionization fraction and neo ~ 2 x 10~"cm™ is the mean local

inter-galactic electron density. This gives
L

DMIGM = /ne’IGMdl. (510)
0

Following Zheng et al. (2014), and derived in full in Appendix B, we find

L (4 2)z(2)
V(1 +2)3+Qy

(5.11)

c
DMicm = Fne@/d
0
0

102



At low redshifts, z(z) ~ 0.88 (Zheng et al., 2014). This relation is approximated by

DMy =~ 1000 2, (5.12)

which we use to compute the IGM contribution. The accuracy of this approximation
is < 6% up to z = 2.5. The use of this simplified relationship is reasonable, especially
given our overall limited knowledge about the IGM structure along individual lines

of sight.

5.5.3 Host Galaxy contribution

The only FRB for which a host galaxy has been identified unambiguously so
far is a dwarf galaxy (Tendulkar et al., 2017). But it is still unclear whether the
whole population of FRBs are more commonly hosted by dwarf galaxies. So, the
potential host galaxy can be of any type. Since we have least information about the
properties of the host galaxy, we assume that it also has similar free electron density
distribution as in the Milky Way. The host contribution to DM will depend on the
type of galaxy, where the source is located within it and also on the inclination
angle. We generate a list of random FRB locations to account for these factors
and integrate the NE2001 model to the edge of the galaxy (similar to the Milky
Way) corresponding to the galactic coordinates for each of these locations. In our

simulations, we choose DMy,,; randomly from this list.
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5.6 Contributions to FRB widths

In a simple empirical emission model, we set the pulse width in the rest frame

| =

Wrest ) (513)

where F and L represent the intrinsic energy and luminosity of an FRB in the rest
frame. In our simulations, these are drawn from the distributions as explained in
§ 5.7.1. The scattering within the host galaxy will cause this rest-frame pulse to get
broadened. Therefore, the time delayed intrinsic pulse width including scattering in

the host galaxy is then

E 2
Wing = (1 + Z) (Z) + tzcatt,host' (514)

Taking into account a number of contributing components, the effective ob-

served pulse width of an FRB at the telescope can be expressed as

WObS = \/W?lt + At + tgcatt,MW + tgamp’ (515)

where At is the dispersive broadening across individual frequency channels due to
the total DM, tscatt mw 1s the pulse broadening due to scattering within the Milky

Way, and tsamp is the data sampling interval for a particular survey.
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5.6.1 Dispersive delay

The total dispersive delay due to the total measured DM measured at the

telescope across a frequency channel of width Av, as explained in Chapter 1, is

At 2 8.3 x 10°ms x DM x A—g”. (5.16)
1%

In this expression, Av and v are in MHz. This delay causes the pulse to be smeared

across the frequency channels.

5.6.2 Scattering

The radio waves emitted at the source are scattered by the turbulent ionized
material along the line of sight which broadens the burst. This causes the radio
waves to take slightly longer and variable paths to the observer. The time delay due
to scattering in the interstellar medium is computed using the empirical fit from

Bhat et al. (2004) and scaled to 1400 MHz as done in Lorimer et al. (2006),
7 =0.154D + 1.07D? — 7, (5.17)

where 7 and D are the base-10 logarithms of #s.; (in ms) and DM (in cm™3pc)
respectively. The same scattering model is used for the host galaxy. For both
scattering cases, we compute the scattering times using a Gaussian distribution
centered at 7 with a standard deviation of 0.8.

It seems highly unlikely that the IGM follows the same scattering relationship

105



as in the Milky Way. Also, Cordes et al. (2016) argue that the non-detection of
FRBs in directions through the inner Galaxy is due to large Galactic scattering,
causing the pulse to get smeared out and therefore host galaxies dominate pulse
broadening. For the known FRBs, the scattering due to the Milky Way is of the
order of a few pus. If the IGM contributes to scattering then that would require a
level of turbulence an order of magnitude higher than encountered at the Galactic
center (Macquart & Koay, 2013). Low density IGM cannot support these density
fluctuations. Accounting for these arguments and lack of reliable IGM scattering
model, we assume that the contribution to scattering from IGM is negligible in our

simulations.

5.7 Peak fluxes of FRBs

To compute the peak flux at a redshift z measured over a certain bandwidth
vo — 11 (see Table 5.2), we use Equation 4 of Lorimer et al. (2013) which gives the

energy

E, = k/* (5.18)

where k is a constant, v/ is the rest-frame frequency and « is a spectral index. In
the rest frame of the source, from conservation of energy, for an observation over

some frequency band between 14 and vy, we get Equation 9 of Lorimer et al. (2013),

L(l + Z)a—l Va—H _ Va—H
Speak = 2/ la+1 ra+1 2 o : : (519)
ArD(2)? (v — %) Vg — 11
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For an FRB at a redshift z with a bolometric luminosity L and observed pulse width

Wops, the peak flux is

L(1+z)*! vg Tt — N Wing (5.20)
) :

S. =
peak .
4rD(2)2 (vt — vttt Vo — 11 Wobs

Although we record radio signals across a small observing band at the telescope,
the radio emission at the source covers a broader range of frequencies. We adopt
vy = 10 GHz, v; = 10 MHz, and assume a spectral index a« = —1.4, consistent
with the radio pulsar population. The observed flux Speak obs is in practice less than
Speak due to the finite size of the telescope beam. To calculate Speak obs, We adopt a

Gaussian beam, so that

12

T
Speak,obs = Opeak €XD {_m} s (521)

where 7’ is the distance from the beam center chosen randomly for each simulated
FRB and rpeam is the beam radius.

The 13 beams of the Parkes multibeam receiver have different gains and slightly
different beam radii. The telescope gain G' quantifies the radio noise power received
from a source of unit flux density and is expressed in units of K Jy~! (Staveley-Smith
et al., 1996; Manchester et al., 2001). For beam 1, the beam radius is 7.0’ and at the
center of this beam, the gain is 0.731 K Jy~! . Beams 2 — 7 represent the inner ring
of the multibeam receiver each with beam radius of 7.05" and the gain corresponding

to each beam center is 0.690 K Jy~!. Beams 8 — 13 represent the outer ring of the
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multibeam receiver each with beam radius of 7.25" and the gain corresponding to
each beam center is 0.581 K Jy~!. For a more realistic approach, we randomly select
both a beam number for each FRB and a distance from the beam center /. Then

using the corresponding gain for that beam and 7', we compute Speakobs for each

simulated FRB.

5.8 Signal-to-noise ratio

The single-pulse search algorithm searches for pulses of different widths by
adding adjacent samples in the de-dispersed time series. The pulse is detected for a
trial width Wi, closest to the observed effective width measured at the telescope

Wops. The S/N for optimal detection is then

S eak,0Dbs
S/N = Zpeakobs, (5.22)
Urms
where
TS S
BTy (5.23)

Orms = G\/ﬁ
Here f3 is the digitization factor (Kouwenhoven & Votite, 2001), and Ty is the sys-
tem temperature. We simulate FRBs using the survey parameters of the HTRU
high latitude survey. This survey is chosen because half of the currently published
population was discovered in this survey. The survey parameters are listed in Ta-
ble 5.2.

Ideally, if the trial width matches exactly with the observed width then the
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Table 5.2: System parameters for Parkes HTRU high latitude survey obtained from
Thornton (2013).

Parameter Value
Tiys 30 K
Av 340 MHz
Avg, 0.39 MHz
15 1.07
tsamp 64 s

observed peak flux is the optimal flux. But we do not try every pulse width. For a
more realistic approach, in our simulations as done for the single-pulse searching in
the HTRU survey of the Parkes telescope (Thornton, 2013), we generate trial widths
in powers of two and find a closest effective width to one of the trial widths for each
simulated FRB. The trial widths considered in our analysis are 0.064, 0.128, 0.256,
0.512, 1.024, 2.048, 4.096, 8.192, 16.384, 32.768 ms, same as chosen in the processing
of the HTRU survey (Thornton, 2013). If Wiya < Wops, then the observed peak

flux is lowered by a factor Wiyia/Wops. In this case, the S/N can be computed from

S/N _ (Wtrial/Wobs)Speak,obs _ Speak,obsG Vv 2Av thﬁil. (524)
Orms ﬁﬂys Wobs

If the trial width is greater than the observed effective width then the observed peak

flux is reduced by a factor Wops/Wisia and the measured S/N can be computed from

(Wobs/Wtrial)Speak,obs . Speak,obsG\/ 2Av Wobs

S/N = = )
/ Orms B Tsys \Y4 Wtrial

(5.25)
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5.9 Simulation procedure

For a particular model based on the luminosity L and energy E distributions
described below, we carry out the simulations until we reach a sample of 1000 de-
tectable FRBs for each realization. For each simulated FRB, E and L are chosen
based on a particular model and redshift, DM, observed pulse width, peak ob-
served flux, and S/N are computed following the steps summarized in the flowchart
(Figure 5.3). Once the S/N is obtained, a detection criteria is applied. We set a
minimum S/N of nine for the FRB to be detected in the HTRU survey (as done in
the processing of this survey, Thornton 2013). The three models explored in this
analysis are referred to as models A, B, and C. In model A, we use zero mean Gaus-
sians for L and E. The standard deviations of these distributions are o and oy,.
For each simulated FRB, only positive values of energy and luminosity are chosen
from these distributions. Initially, we tried an even simpler model with constant E
and L values. However, the simulated population did not quite cover the observed
population. Model A was an attempt to improve upon this by assigning a range to
the L and E values. The zero mean Gaussian models reflect the idea that we might
expect more faint sources than bright ones.

In model B, we use a power law luminosity distribution and a constant energy
for an FRB. For each simulated FRB, a luminosity is drawn from this power law
model with some minimum luminosity L, and a power law index «g, as described
in Section 5.1. The energy for each FRB is constant, drawn from an energy range.

In model C, we use a power law luminosity distribution and zero mean Gaus-
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Choose a model

Draw E, L => W5 (Eq.5.13)

Choose D(z) = 2z (Eq.5.7), DMigm (Eq.5.12)

Choose DMyrw, DMpost from NE2001 model = DMiota1 (Eq.5.8) = At (Eq.5.16)

Compute Wops (Eg.5.15) and Speak (Eq.5.20)

Choose beam number and position within beam = Spcak,obs (Eq.5.21)

Choose Wiria closest to Wons

NO

YES Wf.rial < Wubs ?

S/N o Sobs (thr'igl/Woba) S/N oC Sobs(Wobs/ v W t.rial)

FRB detected FRB is not detected

Figure 5.3: A flowchart describing the steps involved in the simulations.
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sian for E. For each simulated FRB, a luminosity is drawn in the same way as in
Model B and energy is drawn in the same way as in Model A.

As mentioned earlier, it is very likely that host galaxies dominate pulse broad-
ening. In order to implement this scenario in our simulations, we explore two cases
for each model listed above. Case 1 refers to scattering arising only in the host
galaxy. The models in this case are labeled as A1, B1, and C1. Case 2 refers to
significant scattering both in the MW and from the host galaxy. The models in this
case are labeled as A2, B2, and C2. Both of these scenarios use Equation 5.17 to
compute scattering in the Milky Way and in the host galaxy.

We find the minimum and maximum of the DMs, peak fluxes, and observed
widths for the observed sample considering 10% uncertainties in the same. For each
observed FRB, we find a cell with the above mentioned uncertainties in DMs, fluxes,
and effective widths and count the number of modeled FRBs in each cell.

The next step is to compute the probability of getting the modeled number of

FRBs in each cell. For the i’ cell, this probability is given by

(5.26)

where Nj; is the number of modeled FRBs in cell ¢ and Ny, = 1000 is the total
number of detectable FRBs simulated for a model. If NN is zero then the predicted

probability is set to 1/1000 instead (i.e., an upper limit). The likelihood function
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for one iteration of a model is

‘C(f‘DMu Speak,obsa Wobs) = Hpia (527)
i=1

and is described by a set of parameters &, and observed values of DM, Speak obs, Wobs
of known FRBs. Here n is the number of known FRBs (n = 14, see Table 5.1).
For model A, ¥ = [og,01]. For model B, & = [E, Ly, ar]. And for model C,

f - [O-Ea Lmina O{L].

5.10 Maximum likelihood analysis

We compute the likelihood as described in previous section over a wide range
of energy and luminosity values. We select energy values in the range 103 — 10%
ergs and luminosity values in the range 103 — 10%¢ ergs s~! and determine E and L
values with the highest likelihood within this range (see Table 5.3). This brute-force
method is quite time consuming and since each of our models have two or more free
parameters, much of the parameter space does not contribute to the region of higher
likelihood values. This is why we use the more efficient Markov Chain Monte Carlo
(MCMC) method to explore the parameter space for each of our models.

We compute the likelihoods for each model using the Metropolis-Hastings al-

gorithm (Metropolis et al., 1953; Hastings 1970). The steps followed are

1. To initiate a Markov chain, start with the initial set of parameters = for each

model determined from the brute-force method (see Table 5.3). So we have
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Table 5.3: The initial set of parameters for each model.

Model Parameter values

op(x10%2ergs)  op(x10%ergs s71)

Al 2.03 1.03
A2 2.10 1.11
E(x10*ergs) Lpin(x10%ergs s71)  ay
B1 0.23 4.12 2.17
B2 0.28 4.35 2.00
op(x10*ergs)  Luyim(x10%ergs s71)  ap
C1 1.43 5.51 2.54
C2 0.86 4.60 1.87

B
Il
81

. Compute the likelihood for this set of parameters, L;.

2. Choose #5 from a Gaussian distribution centered at #; with a standard devi-

ation of 0.1#; such that
(= 22
F(i2) = exp [M] . (5.28)

For this set of parameters, compute Ls.
3. Compute the Metropolis ratio: s = Lo/L;.
4. Choose a random deviate ¢ from a uniform distribution in the range 0 < g < 1.

5. If ¢ > s, then stay at the current position. If ¢ < s, then move to the new

position.

6. Repeat this process by choosing a new candidate position and random deviate

until the chain converges.

The same procedure is followed for the three models, each for the two scattering
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cases. In each Markov chain, we carried out 6000 iterations.

5.11 Results

We now discuss the results of the MCMC method for one of the models here.
The left panels of Figure 5.4 are the so-called traceplots showing the running mean
of each parameter over the entire 6000 iterations of the MCMC for model C2. Tra-
ceplots for the other models are given in Appendix 3. In a Markov chain, the initial
samples generated starting with the initial values do not describe the observed pop-
ulation very well producing very low likelihoods. However, the MCMC algorithm
generates samples from the model parameter space such that the probability for
being in that region is proportional to the likelihood. The samples are not inde-
pendently chosen from their parameter spaces, instead, the new sample depends on
the previous sample and hence the free parameters are correlated. The initial set of
steps in the chain that do not accurately sample the range of high likelihood values is
referred to as the burn-in period seen in Figure 5.4. This period is corresponding to
first 2000 iterations for this particular model (region before the dashed vertical line).
The sampled values of the free parameters fluctuate over a wide range, whereas, after
the burn-in period, the free parameters are sampled over a broad range, eventually
converging to a stationary distribution giving maximum likelihood. The marginal-
ized PDF's for each parameter after satisfactory convergence are shown in the right
panels and are constructed after discarding the first 2000 iterations.

The maximum likelihood values and the 95% confidence intervals for all models
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Figure 5.4: MCMC results for model C2 with scattering in the Milky Way and
from host galaxy. The left panel are traceplots showing the running mean of each
parameter over the entire 6000 iterations of the MCMC. The region before the
dashed vertical line represents the burn-in period. The marginalized PDFs for each
parameter are constructed after discarding the steps before this burn-in period and
are shown in the right panels.
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Table 5.4: The optimal parameters and the maximum likelihood for each model

Model Optimal parameters log10(£)
op(x10tergs)  op(x10Mergs s71)

Al 14.5103 52703 —20.1

A2 221104 6.3+04 ~20.3
E(x10%ergs) Lpm(x10%ergs s™1) oy

B1 1.370:3 1.8703 1.9705 —1838

B2 1.7+03 1.8%04 19703 —18.9
op(x10%ergs)  Luyin(x10%%ergs s71) or,

C1 4.010% 6.9703 2.2705 185

C2 6.010:3 7.8%03 22103 —184

are listed in Table 5.4. Out of the three models considered in our analysis, models
B and C give higher likelihood values compared to model A. Both of these models
represent the observed FRB population quite well and the model with a Gaussian
distributed energy and a power law distribution in luminosity (model C2) gives the
highest likelihood compared to the other models. We therefore explore this model

further in our analysis.

5.12  Discussion

We have performed MCMC simulations of an FRB population with different
energy and luminosity distributions. In this section, we will discuss the results of
the best-fit model. Model C2, which follows a power law luminosity and a Gaussian
distributed energy distribution with scattering contribution from both the Milky
Way and the host galaxy, has the highest log likelihood compared to the other
models considered in our analysis. The optimal value of the standard deviation in

energy is 6.0 x 10 ergs. The optimal values of the power law luminosity distribution
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Figure 5.5: Energy distributions of the detectable modeled FRB population (dotted
line) and for FRBs with optimal parameters listed in Table 5.4 (red solid line). The
mean energy of the detectable population is 4.7 x 10*ergs.

! with a power law index of 2.3. For

has a minimum luminosity of 7.8 x 10*%ergs s~
this set of parameters, Figure 5.5 and Figure 5.6 show the energy and power law
luminosity distributions of the detectable modeled FRB population (dotted lines).
The mean energy of this distribution is 4.7 x 10*!ergs and the mean luminosity is 1.1x
10*%ergs s~!. The solid red lines are the distributions for the optimal parameters.
The observable parameters of this population are compared with the known
population and Figure 5.7 shows that these two populations are consistent for this
model. In this figure, the left panel compares the observed peak fluxes versus the
measured DM for modeled FRBs (red dots) with the known FRBs (black diamonds).

The right panel compares the observed peak fluxes versus the observed effective

widths for the same two populations. The dips in this plot are due to the limited
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Figure 5.6: Luminosity distribution of the detectable modeled FRB population (dot-

ted line) and for FRBs with optimal parameters listed in Table 5.4 (red solid line).

The mean luminosity of the detectable population is 1.1 x 10*ergs s~

number of trial widths considered in our analysis. Also, it can be seen that no FRBs
are detectable in the DM < 200 cm3pc and Speak,obs < 2 Jy range.

To explore this region, we have plotted the fluxes and S/N of these unde-
tectable FRBs in Figure 5.8. All of these FRBs have S/N lower than the threshold
due to low peak fluxes and larger widths (Equation 5.24), for trial widths smaller
than the observed widths. In order to verify that the modeled FRBs are sampling
the parameter space well, we have repeated plots in Figure 5.7 for a sample of only
20 modeled FRBs shown in Figure 5.9.

The sky distribution of modeled FRB in each sample cell (triangles) is also
consistent with that of the known FRBs (circles) as shown in Figure 5.10. Both the

populations are uniformly distributed with no preference along any particular lines
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Figure 5.7: The left panel shows the observed peak flux versus the measured DM
for modeled FRBs (red dots) and known FRBs (black diamonds). The right panel

shows the observed peak fluxes versus the observed effective widths for the same
two populations.
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Figure 5.8: The figure shows the peak observed fluxes versus S/N of undetectable
FRBs that lie in the left bottom corner of the same plot from Figure 5.7.
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Figure 5.9: The left panel shows the observed peak flux versus the measured DM
for modeled FRBs (red dots) and known FRBs diamonds. The right panel shows
the observed peak fluxes versus the observed effective widths for the same two
populations.

of sight. In our simulations, we generate 1000 FRBs that are detectable with the
Parkes multi-beam setup up to a redshift of 2.5. Figure 5.11 shows the fraction of
detectable FRBs in a co-moving shell between z and z 4 dz as a function of redshift
(and co-moving distance). More FRBs are detectable in shells at lower redshifts
compared to all FRBs (detectable and non-detectable) generated in the simulation
for the same co-moving shells. As we go to higher redshifts, fewer FRBs (very bright

ones) out of the total simulated population are detectable as expected.

5.12.1 The log N-log S relation of FRB events

The number of sources as a function of flux (log/N-logS) is an important tool

for describing and investigating the properties of various types of source populations

121



-150° 120° -90°

-75°

Figure 5.10: The sky distribution of modeled FRB in each sample cell (triangles)
and the known FRB in the same cell (circles).
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Figure 5.11: Fraction of detectable FRBs in co-moving shell between z and z + dz
as a function of redshift and co-moving distance.
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and their distribution in space. For sources of given intrinsic luminosity distributed
uniformly throughout the Euclidean universe, we expect the number of sources N
detected above some flux threshold S to vary as N oc S, where a = —3/2. This is
shown in Figure 5.12 for sources within a redshift of 1 having a constant luminosity
and the dashed line is a best-fitting line with a slope of —3/2. However, in our
models B and C', we simulate FRBs with a broad luminosity distribution up to a
redshift of 2.5. This dispersion in intrinsic luminosities indicates a less steep slope.
Additionally at such distances, non-Euclidean effects are important. Figure 5.13
describes the observed cumulative distribution of modeled FRBs before (dotted
line) and after (solid line) flux degradation and the same for all known Parkes FRB
sample (crosses). The line with a slope of —1.5 is shown for reference (gray line).
These three curves have slopes of —1.3, —1.3, and —0.9 respectively. These values

of slopes are consistent with the previous study by Caleb et al. (2016).

5.12.2 Tracking star formation history

The basic assumption in our analysis is that FRBs are uniformly distributed
over a co-moving volume up to a maximum redshift of 2.5. However, if we find FRBs
at higher redshifts (for example, z > 2) then this assumption might not be valid
as the rate of star formation is not constant with redshift. Most of the progenitor
models suggested for repeating and non-repeating FRBs involve either cataclysmic
events from collapsing massive stars or giant flares from magnetars or phenomena

involving young neutron stars. These models indicate that the redshift distribution
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Figure 5.12: The logN-log$ relation for sources (points) with redshifts less than 1.

The dashed line is a best-fitting line with a slope of —3/2.
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Figure 5.13: The logN-logS curves for the Parkes FRBs and the modeled FRBs.
The solid line represents the the observed cumulative distribution of modeled FRBs,
whereas the dotted line represents the same of modeled FRBs before accounting for
flux degradation. The crosses are the known FRBs in our sample and the line with

a slope of —1.5 is shown for reference (dotted gray line).
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Figure 5.14: The history of cosmic star formation from far UV and infrared rest-
frame measurements. This figure is obtained from Madau & Dickinson (2014).

of FRBs should follow the star formation history (SFH) of the universe. The cosmic
star-formation rate density is peaked at z = 1.9 and declines exponentially at later
times (Madau & Dickinson, 2014). Figure 5.14 shows the cosmic SFH from UV and
IR data and is obtained from Madau & Dickinson (2014). The best-fitting function

for this is given as

W) = 0.015— LT Tpe 5.99
(2) = 0005 ) Jgs Mevear™ Mpe™ (5.29)

To generate the FRB redshift distribution following cosmic SFH for some
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Figure 5.15: The individual points show the redshift distribution of FRBs following
cosmic SFH as obtained from Equation 5.30 and the best-fitting curve as dashed
lines.

random deviate » we note that

B Jy w(z)dz

a f02'5 U()dz"

(5.30)

We plot z as a function of r in Figure 5.15 and find the best-fitting curve to be

z=0.11+6.51r — 12.89r% + 14.487° — 5.747*. (5.31)

We use this function to generate a redshift distribution of FRBs. In our simulations,
we use the optimal values from the best-fit model (model B1) to compute the log

likelihood for the SFH model and compare it with the results from the uniform

redshift distribution model of FRBs (see Table 5.5). Based on the likelihood values,
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Table 5.5: Optimal parameters and the maximum likelihood for a model in which
the redshift distribution tracks the SFH and the constant density model.

Model Parameters log10(L)
op(x10ergs)  Luyin(x10%2ergs s71) oy
C2 6.0 7.8 2.2 —18.9
SFH 6.0 7.8 2.2 —18.4
Co-moving Distance (Gpc)
0.1 0.2 0.4 0.8 1.6 3.2 6.4
10 " T T T T T Constant number density model ———
: SFH model --=

0.1

0.01

Relative Number Density

0.001
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Figure 5.16: The redshift distributions of FRBs tracking cosmic SFH and with
constant number density in a co-moving volume.

it can be seen that the two models are indistinguishable for the current sample of
FRBs. This is also apparent if we compare the histograms of redshift distributions
of simulated FRBs from both the models as shown in Figure 5.16. Although our
assumption of uniform distribution of FRBs in a co-moving volume do not affect
the results, it should be noted that the two models will differ if we have a larger
observed sample of FRBs and if FRBs are discovered at larger redshifts.

To investigate the impacts that a larger sample may have in the future, we

performed a Kolmorogov-Smirnov (K-S) test (Press et al., 1992) to compare the two
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Table 5.6: K-S statistic for flux, width, and DM distributions of the two models
compared with the known population.

Model parameter Qxs

Constant density Cosmic SFH
DM 0.02 0.83
Wobs 0.25 0.99
Speak 0.28 0.72

models as a function of number of detectable FRBs. We compared the DM, flux,
and width distributions of detectable FRBs from both models and the K-S statistic
probability Qs as a function of number of samples in each distribution is plotted
in Figure 5.17. A criterion of Qs < 0.1 implies that two samples are not drawn
from the same distribution. The Qs values show that the DM distributions are
somewhat distinguishable with even a smaller sample of FRBs. However, we would
need an observed sample of at least 100 FRBs to distinguish all three distributions
of the two models at the 90% confidence level as compared to the results from Caleb
et al. (2016), which concluded that 50 FRBs are required to distinguish between the
two number density models.

We have also performed the K-S test to compare each of the number density
models with the known sample of 14 FRBs. The Q)kg values are listed in Table 5.6.
Although the results from the flux and width distributions do not distinguish be-
tween the two models for the current sample, the much lower K-S probability seen
for the DM distribution of model C2 versus the SFH model is an indication that
FRB progenitors are favoring the redshift distribution that follows the cosmic SFH
rather than being uniformly distributed in a co-moving volume. A larger sample of

FRBs will be able to confirm or refute this claim.
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Figure 5.17: Results of the K-S test showing the probability for flux, width, and
DM distributions as a function of number of FRBs in each model.
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5.13 Conclusions

We have presented simulations of a cosmological population of FRBs that are
detectable with the Parkes telescope assuming that FRBs are uniformly distributed
in space. We use three distributions for energy and luminosity to generate FRB
events in our simulations. The redshift distribution is drawn from their co-moving
density. The dispersion measures are derived using the properties of the ISM and
IGM. We simulate energy, luminosity, redshift, peak flux, DM, effective width, and
signal-to-noise ratio for each FRB and compare this population to the observed
FRBs detected at the Parkes telescope using a maximum likelihood analysis.

We find that the best-fit model is the one in which energy has a Gaussian distri-
bution and the luminosity distribution follows a power law. The optimal value of the
standard deviation in energy with the 95% confidence interval is 6.0135 x 10*'ergs.

The optimal values of the power law luminosity distribution has a minimum lumi-

1 +0.3

nosity of 7.8703 x 10*2ergs s~! with a power law index of 2.3%03. For this set of
parameters, the detectable modeled FRB population is consistent with the known
population. The models with Gaussian distributed E and L values do not represent
the observed FRBs quite well. The need to have a power distribution in luminosity
shows that FRBs are unlikely to be standard candles.

For this best-fit model, we compared the results of likelihood for a redshift
distribution tracking star formation history and find that the two models are indis-

tinguishable for the current sample of FRBs. We performed a K-S test on the flux,

DM, and width distributions obtained for these 2 models. The results of this test
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show that we would at least need a sample of 100 observed FRBs to distinguish the
two models. We also performed a K-S test to compare each of the number density
models with the known sample of 14 FRBs. The Qg statistic for the DM distri-
butions indicates that FRB progenitors do follow cosmic SFH. We should be able
to confirm this suggestion in the future through an analysis of a larger sample of

FRBs.
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Chapter 6

Conclusions and Future Directions

The work presented in the preceding chapters was based on detecting and
understanding fast radio burst phenomena. In Chapter 2, we presented a search for
RRATSs and FRBs from the Parkes high latitude survey data set. The single-pulse
search pipeline was described in detail and was used to search for highly dispersed
pulses in the data. This processing resulted in detection of 20 known pulsars and one
RRAT but no FRBs were discovered. Since this data were previously processed using
the periodicity search, we computed the intermittency measures of these pulsars to
compare the two searches based on previous detections and results from our analysis.

Some other archival pulsar surveys carried out with the Parkes telescope were
also searched for FRBs previously. We used the null result from our analysis and
these results from previous studies to constrain the total event rate of FRBs. In
order to do this, we adopted a Bayesian approach which was outlined in Chapter
3. We used results from six surveys and accounting for the different backends used
in each survey, total sky coverage and total observation time, we determined that
the total event rate of FRBs with a fluence above 4.0 Jy ms is R = 4.4757 x
103 FRBs day ! sky~! at the 99% confidence level.

Crawford et al. (2016) processed three additional archival Parkes surveys to

search for FRBs and found none. We incorporated these results and using the same
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Bayesian analysis, modified our event rate of FRBs. This resulted in an even lower
all-sky rate of R = 3.3757 x 10° events per day per sky above a fluence limit of 3.8 Jy
ms at the 99% confidence level. This result led us to conclude that lack of detections
at intermediate latitudes are likely to be due to a lower FRB rate as compared to
the rate estimates done previously (~ 10* FRBs per day per sky) and does not
necessarily imply a dearth of FRBs at intermediate latitudes as proposed by Petroff
et al. (2014). Additionally we predicted the number of expected discoveries in future
planned surveys.

Until the end of 2016, no host galaxy was found to be unambiguously associ-
ated with an FRB. The thesis also presented a search for host galaxies in Chapter 4
for RRATSs that are at the edge of our Galaxy and therefore present a possibility of
being an FRB. We found six RRAT candidates that represent this class for which the
measured DM value is within the uncertainty of the Galactic free electron density
model. We did not find any host galaxy which is within the search beam radius of
each of these RRATSs. This study suggested that a search for host galaxies should be
carried out for future RRAT discoveries near the edge of our Galaxy instead of as-
suming that they are Galactic sources since these RRATSs could possibly be residing
in nearby galaxies and therefore could be FRBs. In Chapter 5, we investigated the
FRB population by carrying out Monte Carlo simulations of FRBs which have dif-
ferent energy and luminosity distributions. From a maximum likelihood analysis, we
found that the known population of FRBs can be best expressed as having Gaussian
distributed energy values and has a luminosity distribution that is a power law. We

found the optimal value of the standard deviation in energy with the 95% confidence

133



interval to be 6.073) x 10%ergs. The optimal values of the power law luminosity
distribution was found to have a minimum luminosity of 7.8753 x 10*2ergs s~! with
a power law index of 2.31’8:3. The mean energy and luminosity of this distribution
were determined to be 4.7 x 10*'ergs and 1.1 x 10%ergs s~* respectively. We con-
cluded that the need to have a power law luminosity distribution implies that FRBs
are unlikely to be standard candles. Our main assumption in this analysis was that
FRBs are uniformly distributed in the sky. For the best-fit model, we simulated a
distribution that followed star formation history in which the number density peaks
at a redshift of ~ 1.9. We determined that for the current sample of FRBs, we can-
not differentiate between the constant density model in which FRBs are uniformly
distributed and the model in which FRBs follow star formation history. The results
of the K-S test showed that we would require at least 100 FRBs to distinguish these
two models. A second K-S test performed to compare each of the number density
models with the known sample of 14 FRBs shows that FRB progenitors do follow
cosmic SFH at least from the DM distributions. More discoveries in the near future
will be able to confirm or refute this claim.

All of the results presented in this thesis provided a new study of this popu-
lation while exploring the parameter space of their properties. However, there are
still many questions, particularly about the origin of the FRB pulses, that remain
unsolved. As discussed in the introduction, the true distances to their progenitors
and their usefulness as probes of the intervening ionized material remain to be de-
termined. The current population is not sufficient to perform population statistics
studies, and therefore, we need a larger population of FRBs. Given the relatively
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high all-sky rate inferred in Chapter 3, a telescope with a large field of view, a large
amount of time on sky, and high sensitivity would be able to find a large number of
FRBs. In addition to the existing telescopes, a number of new powerful radio tele-
scopes will begin searching for these highly dispersed bursts in the near future which
are predicting much higher detection rates. For example, the Canadian Hydrogen
Intensity Mapping Experiment telescope (CHIME; Newburgh et al., 2014) is ex-
pecting to detect a few FRBs per day (Rajwade & Lorimer, 2017; CHIME Scientific
Collaboration et al., 2017). Also, precursor telescopes for the Square Kilometre Ar-
ray (SKA) such the Australia SKA Pathfinder (ASKAP), MeerKAT, the Molonglo
radio telescope (UTMOST) will enable us to find a larger sample of FRBs. Going
forward, follow-up for FRBs and detailed statistical studies of the FRB population
will be important to place further constraints on progenitor models and eventually

to have a better understanding of FRBs.
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Appendix A

Pulse broadening due to DM step size

Levin (2012) describes the the algorithm which accounts for the amount of
pulse broadening caused by the size of the previous DM step and then determines the
next trial DM. The appropriate step size is computed from the effective pulse width
Weg, which is a quadrature sum of the intrinsic pulse width ¢;,, the smearing due to
scattering tgeatt, dispersion smearing within each frequency channel tpy;, sampling
time of a particular survey tsmp, and smearing across all frequency channels due to

the dispersion measure step size tapwu:

Weff = \/t12n + tzcatt + tgamp + tQDM + t2ADM’ (Al)

where, for frequencies in GHz and DM in units of cm™ pc,

Av DM
toy = 8300s (”—3) (A.2)
v
and
Nehan AV ADM
tADM = 8300s ( e ) . (A3)

Here ngpay is the number of frequency channels and ADM = DM — DM’. Here DM
is the new trial DM value and DM’ is the last trial DM value. Since 4 samples are

packed per 64-bit word, the number of channels is divided by a factor of 4. Since
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the total pulse width smearing of 25% is chosen, the pulse broadening fraction due
to the DM step is € = 1.25. Then the effective pulse width at the new trial DM with

respect to the last trial DM’ is

(Werpm) = € (Weggpar) - (A4)

Solving for DM by equating W, at the new trial value, DM, with respect to the

last trial value, DM’ gives,

B b?> DM’ + \/—GQbQDM/2 + a?c + b3c

DM A.
where
Av DM
a=8300s ———, (A.6)
v
Nehan AV ADM
b=t = 8300 AT
ADM S 13 ) (A7)
and
c= 62 (t12n + tzcatt + tSamp + tzDM) - tzamp - I/I/l?l (A8)

The DM values are obtained using Equation A.5 where the DM step is finely spaced
for small values of DM. For higher DM values, pulse smearing is greater than the
sampling time and hence the temporal resolution is decreased giving DM channels

that are spaced more coarsely.
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Appendix B

Contribution to DM from the intergalactic medium

As mentioned in § 5.5, FRBs are cosmological sources and originate in some
host galaxy at a redshift of z. As the radiation travels from the host galaxy to the
telescope, it gets dispersed. This dispersion is a function of redshift and different

dispersive regions will contribute to the total DM observed at the telescope
DMobserved = DMMW + DMIGM + DMhost7 (Bl)

where DMypw is the dispersion measure within the Milky Way arising due to the
ISM, DMy is due to the IGM, and DM, is the DM due to the turbulent medium
in the host galaxy of the source. We derive the IGM contribution here.

The electron density in the IGM is
Ne IGM = x(z)neﬁ(l + 2)3’ (BQ)

where x(z) is the ionization fraction and neo = 2 x 10~"cm™ is the mean local

inter-galactic electron density. This gives
L

DMIGM = /neJGMdl. (B?))
0
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For this cosmological application, the conversion from dl to dz is as follows:

dt

dl = c—dxz. B4
c—dz (B4)
And
dt 1 1
= B.
dz 1+ zH(2) (B-5)
where H(z) is the Hubble constant. In a A—CDM model,
H(z) = Ho (V{1 +2) + ) (B.6)

where Hy = 68 km s~ 'Mpc~! is the Hubble constant at present, and ,, = 0.32,
Q2 = 0.68 are the fractions of baryonic matter density and dark matter density for
a flat universe respectively.

Following Zheng et al. (2014), the propagation time ¢ of a photon traveling
through the IGM to reach the observer is affected by the continuous change of photon
frequency with redshift, the change of the plasma frequency 1;, due to the change
in the IGM electron density with redshift, and the time dilation effect. So, the

propagation time of a photon emitted at redshift z seen by an observer at redshift

0is
“dl 1
t= ——(1 B.7
| Eaeo. (B.7)
where the group velocity is
vy
Vg = C — ﬁ (BS)
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The plasma frequency is

Ne€?
— )
P TMe

and v/ = v(1 + z) is the rest frame frequency. This implies

t:%/ozdzm <1+%Z—%) (1+2).

From Equation B.3, we have

e? DMicm

2mmec V2

Therefore,

dt B 4re?

— = DMicm.
dv v3mec

Substituting for ¢ from Equation B.10,

Thus we get

(B.9)

(B.10)

(B.11)

(B.12)

(B.13)

(B.14)

(B.15)

(B.16)
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Appendix C

MCMC results for all models

Following the Markov chain explained in § 5.10, we perform 6000 iterations
for each of three models considered in our analysis. Model A refers to FRBs having
a Gaussian distributed energy and luminosity distribution. In model B, FRBs have
a constant energy and a power law distribution of luminosities. Model C refers
to FRBs with a power law distribution of luminosities and Gaussian distributed
energies. “1”7 after each model corresponds to models in which there is no scattering
within the Milky Way and the host galaxy alone contributes to the scattering. “2”
after each model corresponds to models in which scattering contribution is due to
Milky Way and the host galaxy.

Here we show the MCMC results for the free parameters in all 6 models. The
left panel are traceplots showing the running mean of each parameter over the entire
6000 iterations of the MCMC. The region before the dashed vertical line represents
the burn-in period. The marginalized PDFs for each parameter are constructed after

discarding the steps before this burn-in period and are shown in the right panels.
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