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Abstract: Fast radio bursts (FRBs) have a story which has been told and retold many times over the
past few years as they have sparked excitement and controversy since their pioneering discovery in
2007. The FRB class encompasses a number of microsecond- to millisecond-duration pulses occurring
at Galactic to cosmological distances with energies spanning about 8 orders of magnitude. While
most FRBs have been observed as singular events, a small fraction of them have been observed to
repeat over various timescales leading to an apparent dichotomy in the population. ∼50 unique
progenitor theories have been proposed, but no consensus has emerged for their origin(s). However,
with the discovery of an FRB-like pulse from the Galactic magnetar SGR J1935+2154, magnetar engine
models are the current leading theory. Overall, FRB pulses exhibit unique characteristics allowing us
to probe line-of-sight magnetic field strengths, inhomogeneities in the intergalactic/interstellar media,
and plasma turbulence through an assortment of extragalactic and cosmological propagation effects.
Consequently, they are formidable tools to study the Universe. This review follows the progress of
the field between 2007 and 2020 and presents the science highlights of the radio observations.

Keywords: radio astronomy; fast radio burst; transient radio sources

1. Foreword

The study of the dynamic and explosive radio Universe is an important and rapidly
evolving branch of radio astronomy. Thus far, transient phenomena are known to occur
on all timescales that have been investigated, from nanoseconds, e.g., the Crab nanoshot
pulses; see [1] to years, e.g., supernovae and Gamma-ray bursts; see [2]. The X-ray, γ-ray
and optical regions of the electromagnetic spectrum are the best explored with many
space-based and ground-based instruments surveying the sky for serendipitous exotic
events. Whilst recent advancements in radio astronomy instrumentation and signal pro-
cessing have led to the benefits of high time resolution, this work has been hampered
by the immense overheads required for signal processing and the need to combat ra-
dio frequency interference. Along with the historical dearth of appropriate wide-field
survey instrumentation and systems, it has resulted in a large unexplored domain of
potential transients. This review traces the evolution of one such new class of transients
called fast radio bursts. The following sections attempt to encapsulate the excitement
during the fledgling stage of the field, summarise the many advancements in our un-
derstanding of the associated science, and look at the now newly emerged sub-fields.
Complementary to this article, a detailed review on the emission mechanisms can be
found in Lyubarsky [3], a review on the multi-wavelength observations can be found in
Nicastro et al. [4] and a review on the cosmological uses of FRBs can be found in Bhandari
and Flynn [5].

2. The Beginnings of a Population

Intense bursts of electromagnetic radiation emanating from the distant Universe
have altered our perception of the cosmos over the years, be it supernovae [6–8], pulsars,
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e.g., [9,10], Gamma-ray bursts, e.g., [11,12] or the more recent kilonovae, e.g., [13]. One
such burst of radio waves came to light in 2007 [14], and has heralded the identification
of a new class of transients, the enigmatic “fast radio bursts” [15] or FRBs. As it happens
the first FRB discoveries were likely made in the 1970s, by Linscott and Erkes [16]. Those
signals, discovered using Arecibo, share many of the properties we would now identify
with repeating FRB sources, but the inability to re-detect these sources in subsequent
attempts [17] was, at the time, a roadblock for further work. For the prototypical ‘Lorimer
Burst’ however this was not the case—this pulse was discovered in 2007 in an offset
pointing of a survey of the Magellanic Clouds which had been conducted in 2001, in an
endeavour to discover more of the then-emerging rotating radio transients [18].

The pulse was detected in 3 beams of the 13-beam Parkes multi-beam receiver [19] and
was so bright (Sν & 30 Jy) that it saturated one of the beams. This burst of radio emission
was reminiscent of the signals discovered using Arecibo, and appeared to originate from
beyond our Galactic neighbourhood. Therefore, it was nicknamed the ‘Lorimer Burst’ after
its discoverer Duncan Lorimer [14]. The Lorimer burst (see Figure 1) displayed the classic
dispersive sweep of propagation through cold, ionised plasma commonly seen in pulses
from radio emitting neutron stars. By measuring the time delay of the signal across the
observing frequency band, one can obtain the integrated column density of free electrons
between the observer and the source through the dispersion measure (DM) given by,

DM =
1
D ×

∆t
∆v−2 , (1)

where the scaling factor D = 4.1488064239(11) GHz2 cm3 pc−1 ms [20], ∆t is the time delay
across the observing band in seconds and ∆v is the observing bandwidth in GHz. The
delay in arrival time in the observer’s frame is ∆t = ∆t′(1 + z), where ∆t′ is the rest-frame
delay. Similarly, the observed frequencies in the observer’s frame are ν1 = ν′1/(1 + z)
and ν2 = ν′2/(1 + z) with ν′1 and ν′2 being the source rest-frame frequencies. Using these
relations, the DM can be expressed as,

DM =
∫ z

0

ne(z)
(1 + z)

dl, (2)

where ne(z) is the free electron density along the line of sight. As the path is cosmological
in scale it makes sense to write this as ne(z) = n0(1 + z)3, where the number density n0
is related to the critical density of the Universe by the ionisation fraction fIGM(z). The
integral measure is dl = c(dt/dz)dz and so contains another (1 + z) factor and the usual
E(z) cosmological scale factor [21]. Putting all the factors together and ignoring curvature
and radiation terms in E(z) we find [22]:

DMIGM(z) =
3cH0Ωb fIGM

8πGmp
×
∫ z

0

fe(z) (1 + z) dz√
Ωm(1 + z)3 + ΩΛ

, (3)

where Ωb = 0.049 is the present baryon density of the Universe [23], fIGM = 0.83 is the
baryon mass fraction in the IGM [24,25], the matter density Ωm = 0.308, the vacuum
density ΩΛ = 0.6911 and Hubble constant H0 = 67.74 km s−1 Mpc−1 [23]. Just like in the
case of Galactic pulsars [26], the DM can be thought of as a proxy for distance. The term
fe(z) denotes the free electron number per baryon in the universe,

fe(z) =
3
4
χe,H(z) +

1
8
χe,He(z) (4)

with the terms χe,H(z) and χe,He(z) representing the ionization mass fractions of hydrogen
and helium respectively.
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Figure 1. Time versus frequency plot aka the ‘dynamic spectrum’ of the main-beam detection (beam 6
of the Parkes multibeam receiver) of the ‘Lorimer Burst’Lorimer et al. [14]. The frequency-dependent
delay in arrival time of the signal due to the column density of free electrons in the propagation path,
called dispersion measure, is shown by the quadratic sweep. The saturation of the receiver for this
beam is evident by the flat-topped signal across thhe band. The flux density of this burst was ∼30
Jy. with a DM of 375 pc cm−3. Only one eighth of this DM is accounted for, in this direction, by the
Milky Way, suggesting an extragalactic origin.

The larger the value of DM, the more electrons the signal has interacted with in its
path of propagation, and the further away the source producing the FRB is likely to be.
The observed DM is typically a combination of various contributions along the line of sight
(see Figure 2) given by,

DMobserved(z) = DMMW + DMIGM(z) +
DMhost + DMsource

1 + z
, (5)

where the various contributions are due to the interstellar medium (ISM) and halo of
the Milky Way (at z = 0), the intergalactic medium (IGM) (along the entire path from
z = 0 to z = zFRB), the ISM of the host galaxy and the environment in the immediate
vicinity of the source (at z = zFRB). The electron density due to the ISM of our Galaxy
can be accounted for as it has been well modeled using pulsars in the Galaxy [27,28].
The halo component contribution has been modelled to typically be between
∼30–50 pc cm−3 [29,30], though some models suggest a wider range of values [31]. Due to
the cosmological redshifting of frequency, we can see from Equations (2) and (3) that the
combined contribution of the host galaxy and source is diluted by a factor of (1 + z) to the
Earth observer from the rest-frame observer [22,32] and is likely to be small. As a result,
the DMIGM is the dominant contribution to the DM related to the FRB redshift (z) [22,33].
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DMSource + DMHost

DMIGM

DMMW halo  + DMMW ISM + DMIonosphere 

FRB

Host galaxy

Circumgalactic medium

Milky Way

Figure 2. Cartoon of the various DM contributions along the path of propagation of the FRB signal
and the corresponding distances.

In the absence of accurate measurements a rough redshift estimate for an FRB of a
given DM can be obtained by using z . DMIGM/[1000 pc cm−3]. There are quibbles [34,35]
about the constant in this expression for an ‘average’ line of sight, but the existence of
large-scale structures along different lines of sight may give lead to variations in the values
of DMIGM for the same redshift and can be upto 40% at z∼1 [36]. Adopting this variation
could affect the conversion factor [35]. Additionally, simulations suggest that observational
biases for FRBs without redshift estimates may cause the observed linear DM-z relation to be
inverted such that the FRBs with the highest observed DMs may not be the most distant [37].
However, this is yet to be observationally proven with localised FRBs. The observed DM
shows that the radio signal bears the imprint of the ionised material it traverses and as a
result the radio data are a gold mine of information. They encode information about the
progenitor source and its environment, the host galaxy, IGM, intracluster medium (ICM),
the circumgalactic medium (CGM) and our own Milky Way. It can hold also a record of the
magnetic field strength, the inhomogenities and also the turbulence encountered during
its passage. Consequently, the signal is sensitive to a wide collection of extragalactic and
cosmological propagation effects.

The discovery of the Lorimer burst took the media by storm and garnered immense
public interest due to its enigmatic nature and short timescale. Despite astronomers
trawling through archival data for multi-wavelength counterparts, and performing follow-
up searches at radio wavelengths amounting to many tens of hours to detect repeat pulses,
no concrete information regarding the origin was obtained [14]. With no more discoveries
following the Lorimer burst, the excitement from 2007 gradually died down and for years
the Lorimer burst was in a class of its own. Though the ‘Keane burst’ [38] was discovered
in 2011 with similar observed characteristics to the Lorimer burst, its origin was argued to
be Galactic due to likely sufficient diffuse ionised gas along the line of sight contributing
towards the observed excess DM [38,39]. The Lorimer burst however has a measured
DM of approximately 8 times the Galactic contribution which corresponds to a distance
of 1.42 Gpc [14], thereby placing it without doubt outside the realms of the Milky Way.
It wasn’t then until 2013 when four more new bursts were discovered in the High Time
Resolution Universe survey [40] using the Parkes radio telescope at 1.4 GHz [15], that the
excitement was reignited in the fast transient community, and the class fast radio bursts
was born. Similar to Gamma-ray Bursts (GRBs), the naming convention was defined to be
FRB YYMMDD1. These new FRBs appeared to be fainter (e.g., Sν∼0.5 Jy) and much farther
away (e.g., DL∼3 Gpc) than the Lorimer burst, which was perhaps an expected aspect of
the ‘winner’s curse’ [41]. Their larger distances made them much more intriguing, as the
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farther away a source is, the greater its potential for use as a cosmological probe. Early
occurrence rate estimates based on these discoveries suggested of order ∼104 events sky−1

day−1 above a fluence2 of 3 Jy ms [15].
Until 2013, all the FRBs had been discovered in archival data, which meant that

the actual discovery of a burst could be years after the data were acquired. Fueled by
the discoveries and results at Parkes, rapid advancements in real-time detection systems
minimized the time lag between the occurrence of the burst and the time of detection.
Astronomers had now entered the era of real time detections with the time lag being
of order seconds instead of years. These real time detections were a milestone in FRB
astronomy and hoped to provide answers to some of the burning questions. What was
producing these energetic bursts? Did they occur in galaxies? Did they emit at other
wavelengths? What could they tell us about the distant Universe? The questions and
theories outnumbered the actual detections in the early days and thus began the worldwide
race, to demystify and comprehend FRBs.

3. What Are FRBs?

FRBs are defined to be coherent radio pulses of typically millisecond duration, originat-
ing at extragalactic if not cosmological distances. Accounting for the Galactic contribution,
the excess DMs of FRBs published to date place them well outside our Galaxy. On average,
an FRB is observed to have a DM of ∼500 pc cm−3, of which only about ∼50 pc cm−3 is the
Galactic contribution (assuming an ISM and halo contribution) as shown in Figure 3. Using
the DM-z scaling relation to obtain an upper limit on z, one can estimate the instantaneous
or isotropic peak luminosity of an FRB given by,

LFRB = 4πD2
LSν, (6)

where DL is the luminosity distance in cm and Sν is the specific peak flux in Jy or erg s−1

cm−2 Hz−1 [35,42]. The isotropic energy of the FRB is expressed as,

EFRB =
4πD2

LFν∆ν

(1 + z)
, (7)

where Fν = SνW is the the specific fluence in erg cm−2 Hz−1 or Jy ms, in which W is the
width in ms. FRB luminosities are in the range 1038 − 1046 erg s−1 [43]. These immense
energies required to produce these events at extragalactic/cosmological distances in order
for them to be visible on Earth, along with their estimated high brightness temperatures,
which are well in excess of thermal emission (Tb > 1035 K), are what make them most
tantalizing (see Figure 4). The typical observed widths of a few milliseconds (0.1–10 ms)
combined with the light travel time indicate the characteristic length scale of the progenitor
or engine producing the FRBs to be of the order 30–3000 kilometres, i.e., R∼c∆t, where
c is the speed of light and t is the duration of the FRB. This is suggestive of compact
object origins with most progenitor theories favouring neutron stars. The only stringent
condition for the progenitor is that the frequency of emission must be greater than the
plasma frequency of a non-magnetized plasma environment in order for the radio signal
to propagate. Other observational properties that a model needs to account for are the
millisecond durations, high isotropic energies, frequency structure and the high linear
polarization in some cases. Synchrotron maser emission produced at the shock front
between a wind nebula and the supernova remnant, as well as giant flares from within the
magnetosphere are popular progenitor models.
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Figure 3. Aitoff projection of the all-sky distribution of FRBs detected by various telescopes across the world. The Galactic
electron density distribution [28] is shown in the background. The FRBs are denoted by circles and follow the same color
scale as the background. Any given FRB is observed to have a DM in excess of the Galactic contribution. The distribution of
FRBs is almost isotropic. Any biases in the spatial distribution are likely due to differences in various survey depths and sky
coverage. Credit: Laura Driessen.

Figure 4. The ménagerie of short duration radio transients illustrating the various classes of events.
The diagonal lines represent lines of constant brightness temperatures. For clarity of illustration, each
pulsar and RRAT is represented by a single point, rather than their full brightness distribution.
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Their 1012 times greater luminosities compared to pulsars and rotating radio transients
(assuming beamed radiation) in Figure 4 suggests extreme neutron star manifestations as
progenitors. Based on their observed characteristics, FRBs are the plausible outcomes of
some of the most extreme processes in the Universe, such as the explosions and eruptions
associated with the births and deaths of black holes or neutron stars. The matter and ener-
gies discharged from these explosions and eruptions are presumed to significantly effect
galaxy evolution. These extraordinary attributes of FRBs provide a unique opportunity to
probe fundamental physics and cosmology. A detailed review of the emission mechanisms
and progenitors is presented in Zhang [44].

4. A Primer of FRB Science from 2007–2020

The field of FRB science had a head start in terms of lessons learned as GRB astron-
omy had provided many applicable examples from over the years. Arguably, the most
important lesson to be learned from the study of GRBs is that identifying multi-wavelength
counterparts and host galaxies was key to understanding their astrophysical nature. While
2013 saw the first real-time detection [45], 2014 began with the first discovery of an FRB at
a observatory other than Parkes [46]. Following this, several more interesting discoveries
such as the first polarized FRB [47] and the first detection at 800 MHz [48], ensued. It
should be noted that until this point in time none of the known FRBs had been seen to
repeat despite numerous follow-up attempts. However, the dawn of 2015 saw a ground-
breaking discovery when the FRB 20121102A discovered at the Arecibo telescope in 2014,
was found to repeat [49]. This allowed for several radio telescopes across the world with
better angular resolution and higher sensitivity to target this FRB and subsequently localise
it to a low-metallicity, star-forming, dwarf galaxy at a redshift z = 0.19273(8) [50–52]. The
localisation was a massive milestone in the field as it was concrete proof of cosmological
origin. This was closely accompanied by the first interferometric detections of FRBs in
2016 [53].

With the development of new instrumentation and software, we have now reached a
point where radical changes in the field occur on timescales of a few months and conse-
quently, the field has increasingly gained momentum over the last decade. Especially in the
last 3 or 4 years, we have seen an almost exponential rise in the number of detections and
instantaneous localisations in the radio with new telescopes such as the Australian Square
Kilometer Array Pathfinder (ASKAP) [54] and Canadian Hydrogen Intensity Mapping
Experiment (CHIME) [55] coming online and turning into FRB detection machines. In spite
of several discoveries over the last few years, the progenitors of FRBs remain unknown. Of
the ∼600 published FRBs3, ∼24 FRBs have been seen to repeat so far [56,57], suggesting
that at least a subset have progenitors that can survive the energetic events causing them,
e.g., [49]. It is presently unclear whether all FRBs repeat, and if repeating and apparently
non-repeating FRBs form a unified population [58–60]. In addition to providing real-time,
wide field-of-view instruments, the software and instrumentation developments have also
resulted in the discovery of remarkable temporal structure on the microsecond level in
pulses where high-time resolution data were available [61,62]. In comparison, typical blind
detections at telescopes have millisecond durations due to telescope smearing time limi-
tations. While FRBs are often defined as millisecond duration events with DMs in excess
of the Galactic contribution (see Section 3), the discovery of microsecond-duration events,
e.g., [62,63] as well as a possible FRB in our own Galaxy [56,64,65], calls into question the
working observational definition of an FRB [66].

FRBs have been observed to emit at frequencies as low as 110 MHz [67] and as high
as 8 GHz [68]. However, their emission outside this frequency range remains uncertain
despite attempts to detect them beyond these frequencies [69,70]. The possible nature
of the progenitors generating FRBs range from merging neutron stars and black holes,
to axion stars [71] to newly born magnetars (see Platts et al. [72] for a complete list of
theories). While they are just theories, recently the magnetar SGR J1935+2154 in our own
Galaxy was observed to emit an FRB-like millisecond duration pulse by the CHIME [73,74]
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and STARE2 telescopes [64], independently. The bursts has isotropic equivalent energies
of 3 × 1034 erg and 2.2 × 1035 erg for assumed distances of 10 kpc and 9.5 kpc at the
CHIME [74] and STARE2 [64] telescopes respectively. This burst was coincident with high-
energy emission in the X-ray and Gamma-rays detected by several space-based telescopes,
e.g., [75–78] resulting in the first contemporaneous multi-wavelength detection. This
was a field-changing discovery as it was not only a step towards bridging the luminos-
ity gap between Galactic sources (e.g., pulsars and rotating radio transients) and extra-
galactic FRBs (see Figure 4), but also evidence that at least a subset of FRBs could be
generated by magnetars as it could be associated to the low-end of the FRB luminos-
ity function. Regardless of their nature, localised FRBs with associated redshifts have a
number of cosmological applications, e.g., [79,80]. Several theories predict FRBs to be ex-
tremely potent tools to study the nature of the magneto-ionic intergalactic medium [79,81],
establish a chromatic scattering-redshift relation, possibly test Einstein’s Equivalence Prin-
ciple [82,83], measure the dark energy equation of state [84–86], examine baryonic feedback
processes in galaxies [87], constrain the characteristic radial density profiles of CGM ha-
los [88], and even detect and examine the elusive baryonic matter in the tenuous IGM [36].
Recently, the intersection of an FRB’s sight-line with the circumgalactic medium of an
intervening galaxy enabled stringent constraints on its halo gas density, magnetisation
and turbulence [88]. Even more recently, a sample of arcsecond-localized FRBs was used
to resolve astronomy’s ‘missing matter’ problem by reporting a direct measurement of
the baryon content of the Universe using FRB dispersion measures [89]. It has also been
suggested that gravitationally lensed FRBs could independently provide constraints on
two of the most important cosmological parameters: the Hubble constant [90,91] and
cosmic curvature [86,92]. FRBs detectable with next generation telescopes like the Square
Kilometer Array (SKA) and the Five-hundred-metre Aperture Spherical Telescope (FAST)
at redshifts of 3 and above, are expected to carry the imprint of the epoch of helium
reionization [22,93–95]. At the epoch of reionization we expect an observable variation in
the steepness of the dispersion measure - redshift relation also known as the ‘Macquart
relation’. The detection and characterisation of this epoch may hold crucial information
to aid in searches for the signature of the much sought after epoch of hydrogen reioniza-
tion [96], at yet higher redshifts. FRBs have also been identified to improve galaxy-cluster
kinetic Sunyaev-Zeldovich (kSZ) measurements of the growth rate and amplitude of cosmic
density fluctuations [97], which is an important goal of the Dark Energy Spectroscopic
Instrument (DESI) surveys. It is obvious that FRB science is highly complementary to
existing multi-wavelength probes of cosmology. In fact, we have entered an era where
these theories can already be tested and lead to high impact science results. With the
potential of their uses as effective cosmological probes, and multi-wavelength detections
of FRB-like pulses from a Galactic magnetar, it appears that FRBs have formed a bridge
across cosmology, high-energy phenomena and stellar physics.

5. The FRB Population

With the increase in discoveries we have also seen an increase in the number of FRBs
that go against our definition of a canonical FRB. While FRBs were initially defined as
millisecond duration events with DMs in excess of the Galactic contribution, this is no
longer the case with the detection of microsecond duration events and FRB-like pulses
originating in our own Galaxy. Our understanding of the phenomenon is based on ob-
servations from various ground and space-based telescopes, and the inferences derived
from them. Typically, at a radio telescope we measure the DM, signal-to-noise (S/N) ratio,
pulse width, bandwidth of emission and spectral index. Furthermore, we also measure
and quantify line-of-sight propagation effects such as scintillation, scattering, and Faraday
rotation from polarization measurements. Additional information such as repeatability,
periodicity and microstructure in the pulses in the case of high-time resolution detections
can also be acquired. Overall, the FRBs discovered to date show a remarkable diversity of
observed properties. The intrinsic properties such as polarization and intrinsic burst profile
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shape provide us with information about the source itself, while the extrinsic properties
such as the magnitude of Faraday rotation and multi-path propagation effects give us
insight into the source’s environment. The population as a whole refers to the thousand of
events occurring across the sky every day, and the several hundreds of them detected at
radio telescopes. See Table 1 for a list of telescopes currently undertaking FRB surveys and
targeted searches. Understanding the population relies on combining the various observa-
tional properties to constrain theories. Astronomers have improved their understanding of
the population using two popular strategies:

• Examine the population statistics and distributions of various observed and inferred
properties using a large sample of bursts.

• Investigate specific properties of well-localised FRBs.

The results and science highlights of the two strategies are summarised in the the
following sections.

Table 1. Summary of telescopes undertaking FRB surveys and targeted searches.

Telescope Centre Frequency Bandwidth No. of Polarizations Reference
(MHz) (MHz)

WSRT 1370 300 2 Connor et al. [98]
ASKAP Incoherent 1272 336 2 Bannister et al. [54]

ATCA 5500 2000 2 Petroff et al. [47]
7500 2000 2 Petroff et al. [47]

CHIME 600 400 2 Bandura et al. [55]
DSA 1400 220 2 Ravi et al. [99]
DSN 2250 115 2 Majid et al. [100]

8360 450 2 Majid et al. [100]
Effelsberg 1360 300 2 Hardy et al. [101]

6000 4000 2 Hilmarsson et al. [102]
EVN 1700 128 2 Marcote et al. [52]

5000 128 2 Marcote et al. [52]
FAST 1250 500 2 Luo et al. [103]
GBT 350 100 2 Chawla et al. [104]

GMRT 650 200 2 Marthi et al. [105]
LOFAR 150 80 2 Pastor-Marazuela et al. [106]
Lovell 1400 336 2 Rajwade et al. [107]

MeerKAT 1284 856 2 Jonas and MeerKAT Team [108]
816 544 2 Jonas and MeerKAT Team [108]

MWA 185 30 2 Sokolowski et al. [69]
Northern Cross 408 16 1 Locatelli et al. [109]

Parkes 2368 3300 2 Hobbs et al. [110]
SRT 328 64 2 Prandoni et al. [111]

1400 500 2 Prandoni et al. [111]
STARE2 1400 188 1 Bochenek et al. [64]

UTMOST 834 16 1 Bailes et al. [112]
VLA 1400 256 2 Law et al. [113]

6000 2048 2 Law et al. [113]
VLA (VLASS) 3000 1500 2 Law et al. [113]

5.1. Frequency of Emission

The first few FRBs that were discovered during the initial stages of the field were
in pulsar surveys, which meant that most detections were at 1.4 GHz. However, once
the detections grew in number at different telescope sites around the world, searches
at higher and lower frequencies began, including coordinated campaigns across a wide
range of wavelengths with 1.4 GHz driving the detection. Most wide-field, blind searches
at lower frequencies have been unsuccessful at detecting FRBs, e.g., [114–116]. Though
FRBs have now been detected from ∼110 MHz [67,106] all the way up to 8 GHZ [68],
simultaneous detections across a wide and continuous frequency range have not been
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observed yet. Also, emission beyond this frequency range is uncertain. This is primarily
because the spectral behaviour of FRBs seen so far is very unusual, where the bursts
are dominated by patches of bright emission with varying spectral indices across the
bands [49,117]. For example, FRB 20121102A exhibits a wide range of spectral indices
(−10 to + 14) between consecutive pulses [49], and the Galactic FRB 200428 detected
with the CHIME telescopes also shows a difference in spectral index between the two
pulse components separated by ∼30 ms. Several targeted searches of repeaters as well
as blind searches over hundreds of hours at low frequencies have been unsuccessful at
discovering FRBs. This suggests spectral turnover due to free–free absorption, pulse
broadening due to scattering, or a combination of the two for the observed non-detections.
Additionally, it may also be that the intrinsic FRB coherent mechanism is not efficient
at low frequencies. A coordinated campaign conducted with the Murchison Widefield
Array (MWA) at ∼150 MHz to shadow FRBs detected by ASKAP at 1.4 GHz resulted in
non-detections of seven ASKAP FRBs [69]. Similarly, simultaneous observations of FRB
20180916B over multiple epochs with WSRT at 1.4 GHz and LOFAR at 150 MHz resulted
in 54 and 9 bursts respectively, all of which, are mutually exclusive detections in the two
frequency bands [106]. Low frequency detections suggests that at least some FRBs reside
in clean environments thereby allowing the propagation of the radio signal. How far low
and how far high in frequency do FRBs emit is still to be determined.

5.2. Sky Distribution and Rates

Figure 3 shows the all-sky distribution of FRBs as of June 2021. Early studies using a
limited sample of bursts from the Parkes telescope concluded that the detection rate was
greater at higher latitudes [118] with diffractive interstellar scintillation accounting for the
deficit at low Galactic latitude [119]. This was explained by the fact that the scintillation
bandwidth is much wider along high latitude sight lines, thereby boosting FRBs that might
otherwise be rendered undetectable. More recent studies using a much larger sample of
FRBs weakened the statistical significance of the latitude dependence [120]. Currently,
assuming a cosmological distribution of FRBs, the all-sky rate is ∼105 sky−1 day−1 above a
fluence of 0.0146 Jy ms (7σ for a 1 ms duration event) at 1.4 GHz [121]. The CHIME/FRB
Catalog 1 rate at 600 MHz is 820± 60+220

−200 sky−1 day−1 to a fluence limit of 5 Jy ms [122].
A cross-correlations of the CHIME/FRB sources with photometric galaxy surveys shows
evidence for an order-one fraction of the CHIME FRBs being in the same dark matter halos
as survey galaxies in this redshift range 0.3 . z . 0.5 [123]. A more extensive study using
hundreds of FRBs detected with better angular resolution may provide in the near future
more information on the all sky distribution of FRBs and showcase any further clustering
or concentrations in particular regions of the sky.

5.3. Repeatability and Periodicity

The most obvious dichotomy in the population at the moment is seen in repetition.
When it comes to repeatability in FRBs, the historical precedent is the case of soft gamma-
ray repeaters (SGRs) versus cosmological catastrophic GRBs. However this might not quite
be the case for FRBs, and whether all FRBs repeat is still an open question. It is possible
that apparently non-repeating FRBs are produced by progenitors with long periods of
quiescence, or the progenitors emit repeat bursts which are too faint to be detected by
current radio telescopes. While it is impossible to prove something will never repeat, it is
possible to place constraints. For many years FRB 20121102A was the only one observed to
repeat. However, with the advent of CHIME, we have seen that repeaters may indeed be
more common than initially thought [56,57]. Of the current sample of 24 repeating FRBs,
most emit pulses sporadically and clustered in time, without a regular pattern. While no
short timescale period has been detected between successive bursts for an FRB yet, a couple
of prolific repeaters monitored over several years have resulted in the identification of long
term periodicity, e.g., [107,124]. This discovery was unexpected as most FRB progenitor
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model theories do not involve binary systems [72]. The three most well-studied repeating
FRBs are discussed in detail below.

5.3.1. FRB 20180916B

FRB 20180916B discovered at the CHIME telescope, is the first repeater for which a
long term period was measured [124]. This FRB is observed to show repeats in bursts every
16.35± 0.15 days based on a Lomb-Scargle periodogram of the arrival times of 38 pulses
over 2 years. All the bursts arrive in a five-day phase window, and 50 per cent of the bursts
arrive in a 0.6-day phase window. High cadence observations over two years also show
that repeat bursts don’t appear every cycle [124]. Further follow-up observations of FRB
20180916B at frequencies higher than the operating frequency of CHIME resulted in bursts
arriving at an earlier phase value compared to the low-frequency bursts. This indicates
a possible correlation between frequency and phase, where high-frequency emission is
suppressed at higher phase values [125]. More high-frequency observations over a variety
of activity phases are required to test and prove this suggestion.

5.3.2. FRB 20121102A

The discovery of periodic activity in FRB 20180916B was closely followed by the
report of a long term period for the FRB 20121102A. Using a combination of the pulses
in the literature and a high cadence monitoring campaign at the Jodrell Bank’s Lovell
telescope, Rajwade et al. [107] used a sample of 235 bursts detected over a time span
of 7 years to estimate a period of 157± 7 days. Similar to FRB 20180916B, bursts were
not detected during every active cycle. The period was independently confirmed by
Cruces et al. [126] who estimated a value of 161± 5 days. No clear correlation between
frequency and phase has yet been observed for this FRB. The wide range of long-term
periods observed in FRBs 20180916B and 20121102A are reminiscent of the observed orbital
periods of high mass X-ray binary systems of a neutron star in orbit with a massive O/B
star [107,127,128]. Additionally, a precessing magnetar could also be responsible for the
observed periodicity in the two FRBs [106,129,130]. Recently, Li et al. [131] report the
detection of 1652 independent bursts of FRB 20121102A with no periodicity or quasi-
periodicity between 1 ms and 1000 s.

5.3.3. FRB 20171019A

The discovery of a periodicity in a repeating FRB source is an important clue to
the nature of these objects. In both the cases mentioned above, the initial repeat bursts
were discovered by the detection telescope. However, simulations have shown that FRBs
can appear to be apparently non-repeating depending on the sensitivity of the telescope
(e.g., [132]). That is to say, less sensitive telescopes would only detect the bright tail-end of
the intrinsic energy distribution, which would therefore lead to bursts appearing as one-off
events. An example of this is the FRB 20171019A discovered by the ASKAP telescope [117]
in the lat50 survey, which comprised of observations of select high latitude fields. After
the discovery, FRB 20171019A was followed up for over 500 h with a combination of
the ASKAP and Parkes telescopes to search for repeat pulses [60], which resulted in no
detections. However, ∼10 h of follow-up observations with the GBT in the UHF-band
(∼800 MHz) detected 2 repeat pulses ∼590 times fainter than the original detection at
ASKAP [65]. Another repeat pulse was also independently observed by the CHIME
telescope at 700 MHz [133]. It is possible that individual bursts have stochastic, patchy or
modulated emission in different parts of the frequency band [65] (see Section 5.1). It is also
possible that individual FRBs may repeat at much higher rates in parts of the spectrum that
are not probed by these observations.

5.3.4. To Repeat or Not to Repeat?

Several studies examine the existence of a single or multiple FRB populations. Most
limits on repeatability thus far have been made using the original repeating FRB 20121102A



Universe 2021, 7, 453 12 of 34

as a model. Palaniswamy et al. [58] consider a sample of one-off Parkes bursts and
compare the limits on the wait-times and flux ratio between putative repeat bursts, with
the measured values for FRB 20121102A. They suggest that it is possible that at least some
FRBs are produced in catastrophic events so that they are intrinsically non-repeating FRBs.
James [134] uses a method to limit the volumetric density of repeating FRBs based on the
number (or lack) of repeating bursts identified in the ASKAP lat50 survey. He concludes
that the FRB 20121102A is atypical of the population and cannot account for the ‘single’
bursts detected in the lat50 survey. The FRBs discovered in the survey could still however
repeat at lower rates. Caleb et al. [132] present Monte Carlo simulations of a cosmological
population of repeating FRB sources whose co-moving density follows the cosmic star
formation rate history. Based on observations, they model all FRBs as repeating sources
whose pulse arrival times follow either a Weibull [135] or Poisson distribution at various
telescopes. They conclude that a single repeating population is still consistent with all
observations, and that telescope sensitivity and the duration spent following up a source
for repeat bursts are the main reasons for the observed dichotomy. Ravi [87] uses a sample
of 12 nearby CHIME FRBs to compare the FRB volumetric rate with other astrophysical
transients. He concludes that if FRBs are associated with compact objects produced through
the standard astrophysical channels, the high FRB volumetric rate implies that the majority
of FRB sources repeat. Ultimately, when nothing is known about the astrophysical nature
of these sources, the absence of repeat bursts in some FRBs is suggestive of, but cannot
prove, the existence of multiple origins.

5.4. Pulse Separations

In addition to the long-term periodicity, short timescale separations or ‘precursors’
that precede the primary detection pulse have been observed. Precursors in pulses from
FRB 20121102A have been detected by the Effelsberg telescope (∼34 ms separation [101])
and more recently by the MeerKAT (∼34 ms and ∼ 28 ms separations [136]) and Lovell
telescopes (∼17 ms separation; [107]). FRB 20121102A also exhibits ‘postcursors’, where
a faint pulse follows a brighter primary pulse. These have been detected by the Green
Bank [137] and Arecibo telescope [138] in 2016 with separations of ∼37 ms and ∼26 ms,
respectively, and by the Effelsberg radio telescope in 2018 with a ∼38 ms separation [126].
Similar burst pairs are also reported by Gajjar et al. [68] and Gourdji et al. [138] with burst
separations of ∼2 ms and ∼9 ms respectively. However, it is unclear whether these are
single multi-peaked pulses or comprise two distinct bursts. Li et al. [131] present a bimodal
waiting time distribution of 1652 independent bursts from FRB 20121102A, with a secondary
peak centred at approximately 3.4 ms. They attribute this peak to the substructure of
individual bursts, although some may be closely spaced, independent bursts. Pulse pairs
have also been observed in the repeating FRB 20180916B [57,104,105,124] and the Galactic
centre magnetar, FRB 200428 [64,74]. Other one-off FRBs that also exhibit pulse pairs are
FRB 20190212A [56], FRB 20181112A [88,139], FRB 20190102C [61], FRB 20190611B [61],
FRB 20181017C [63] and FRB 20170827A [140] with separation times ranging between
∼0.1–60 ms. The lack of a detectable short timescale period in these sources does not
exclude a rotating object as a progenitor, as the detections of precursors and postcursors
are suggestive of compact emission regions akin to a rotating object, in which multiple
bursts are emitted during a single rotation.

5.5. Luminosity Function

The ensemble or global luminosity function of FRBs refers to the number of bursts
emitted with a certain luminosity across all FRBs, irrespective of whether they are repeaters.
It gives the event rate per unit cosmic co-moving volume per unit luminosity. The shape
of the luminosity function of FRBs is presently not well understood. While early analyses
opted for power-law or normal distributions, more recent analyses assume a Schechter
function, which has a power-law shape and a smooth exponential cut-off in the high
luminosity end [43,141] given by,
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Φ(L)dL ∝
( L

L∗

)+α
e−(

L
L∗ )dL. (8)

Luo et al. [43] use Bayesian modelling and measure the FRB luminosity function
of a sample of 46 FRBs. The data are found to be consistent with a power-law of index
α∼−1.8 and upper cut-off luminosity L∗∼3× 1044 erg s−1. The lower cut-off in luminosity
is estimated to be consistent with that of the Galactic FRB 200428 (∼1038 erg s−1) [44,142].

5.6. Emission Mechanisms and Progenitor Systems

FRBs are recognised to be coherent radio emitters due to their short timescales and
large brightness temperatures. In the case of progenitor systems, the central engine may
act in isolation such as in the case of a precessing magnetar, or the activity may be kindled
by an external plasma stream such as in the case of binaries. The coherent emission models
are broadly classified into two categories: those involving FRBs produced within the mag-
netospheres of compact objects and those involving FRBs produced in relativistic shocks
at distances beyond the magnetosphere. A detailed review of the emission mechanisms
is presented in Lyubarsky [3]. In case of the magnetospheric model, the FRBs are gener-
ated via coherent curvature radiation by bunches [143,144] or magnetic reconnection [145].
While the emission mechanism has not been established conclusively, “bunches” with the
necessary properties are theorised to exist in the magnetosphere. In the case of the shock
model, FRBs are produced by synchrotron maser emission at ultra-relativistic magnetized
shocks, such as those produced by flare ejecta from young magnetars [146]. While both
types of models can elegantly explain most of the observed properties of FRBs, recent
polarization and high-time resolution observations of a sample of FRBs appear to favour
the magnetospheric origin model. Though high fractional linear polarization is predicted
by both the synchrotron maser shock models and magnetospheric origin models, the ob-
served constant polarization position angles in most repeaters is more naturally explained
by the shock models. However, the diversity in polarization position angles observed
in the repeating FRB 20180301A [103] is consistent with a magnetospheric origin of the
radio emission, and disfavours the radiation models invoking relativistic shocks. Short
timescale variations of ∼10 µs seen in FRB 20180916B [62] is also difficult to reconcile with
the shock model without invoking a clumpy medium into which the shock front propagates.
Additionally, the large energy budget required by the shock or synchrotron maser model
makes a magnetorpheric origin more viable. Furthermore, periodic millisecond duration
separations between components in pulses lasting a few seconds not only indicate a mag-
netorpheric origin, but also suggest the possible existence of a group of long/ultra-long
duration/period FRBs. These separations may be explained by quasi-periodic oscillations
predicted to originate from magneto-elastic axial (torsional) crustal eigenmodes originating
close to the neutron star surface [147].

5.7. Volumetric Rates and Source Counts

In addition to constraints on the luminosity function, observations and detections
have also led to constraints on the occurrence rates and progenitors. The high all-sky
rate of FRBs (see Section 5.2) relative to most observable radio transients places stringent
constraints on their progenitors. The volumetric rate of FRBs based on the initial sample
in Thornton et al. [15] is ∼24 events Gpc−3 yr−1. The FRB rates can be compared with
the estimated birth rates of potential progenitors under the assumption that the redshifts
ascribed to the bursts are valid. The estimated rate is similar to the volumetric rate for SGRs
<2.5 ×104 events Gpc−3 yr−1 [148] and within an order of magnitude of the volumetric
rate of core collapse (Type II) supernovae ∼2 ×105 events Gpc−3 yr−1 [149]. If FRBs are
generated by one-off event such as binary neutron star mergers [150–152], they would only
produce a very small fraction of special FRBs. However, if FRBs are generated by repeating
sources such as magnetars [153] and pulsars [154] the sources producing the observed rate
of FRBs can be far less abundant and easier to account for.
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In a Euclidean Universe populated with objects of fixed luminosity (i.e., standard
candles) and uniform number density, the number N detected above some flux limit S
varies as N ∝ S−α, where α = −3/2. Based on observations we know that FRBs have
a broad luminosity distribution and are sufficiently distant that non-Euclidean effects
become important. In a ΛCDM cosmology, α varies smoothly from a slope of −3/2 for
the nearby universe, gradually becoming flatter as further distances are probed. Also,
most surveys are “fluence incomplete” in the sense that events with the same fluence are
easier to detect if they have narrower pulse widths (see Section 6 for details). Therefore,
the cumulative source count distribution of FRBs is described as N (> Fmin) ∝ Fmin

−α,
where Fmin is the minimum detectable fluence at a particular telescope. Various studies
over the years employing different methods on samples from telescopes with different
detection thresholds resulted in inconsistent values of source count distribution index
(−0.8 ≥ α ≥ −2.6 [155,156]). James et al. [37,157] jointly analysed a sample of Parkes
and ASKAP FRBs modelling a stochastic DM-distance relation, FRB energy distribution
function, as well as various selectiom effects simultaneously. Their best-fit model estimates
a value of α = −1.5 for a significant portion of the observed fluence range, changing to−1.3
for the fainter and more distant bursts detectable by Parkes. More recently, a large sample
of FRBs subject to nearly identical biases detected by the CHIME telescope was used to
infer a value of α = −1.40± 0.11(stat.)+0.06

−0.09(sys.) [122], consistent with a non-evolving
Euclidean population. The difference in the median DM values observed in the Parkes
(∼900 pc cm−3) and CHIME (∼500 pc cm−3) sample of FRBs makes it plausible that the
Parkes FRBs are more distant and subject to cosmological and/or evolutionary effects
thereby flattening the distribution [122].

5.8. Pulse Morphology

The FRB pulses observed to date show remarkable spectral and temporal variations
and structure. The unusual spectral behaviour of FRBs seen so far is best showcased in high
time resolution observations. FRBs are seen to exhibit scattering, scintillation, microstruture
and frequency down-drifting (see Figure 5). These attributes which are detailed below,
are key to understanding the underlying emission mechanism and any turbulence and
inhomogenieties in the intervening medium.

Figure 5. Dynamic spectra of FRBs 20121102A and 20181017C detected at the MeerKAT and UTMOST telescopes respectively.
The top panel in each pulse shows the frequency-averaged pulse profile. The data are uncalibrated, and the flux densities
are in arbitrary units. Left panel: The single pulse from FRB 20121102A has been dedispersed to the structure maximising
DM which reveals downward frequency drifting in three distinct features. The data have a time resolution of 306.24 µs.
Right panel: The single three-peaked pulse from FRB 20181017C has a time resolution of 10 µs as voltage data was recorded.
The three peaks have consistent scattering timescales and pulse widths and show frequency striations of a few 100 kHz due
to scintillation.
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5.8.1. Scattering

Scattering is caused by multi-path propagation through cold-ionised plasma as ev-
idenced by the exponential-like scattering tail on the trailing edge of the pulse [158,159].
A point source therefore appears broadened in the image plane. A thin screen model of
irregularities of various scales can account for this observed pulse width broadening. This
decay time of the exponential or scatter timescale is greatly dependent on the observing
frequency, expressed as,

τs ∝ ν−4, (9)

with greater scattering expected at lower frequencies. Most FRBs have been detected at high
Galactic latitudes where the scattering due to the ISM of the Galaxy is weak, implying that
the scattering screen lies beyond the Milky Way. It is however unclear whether the screens
lie closer to the local environments of FRBs, or in the IGM and the CGM of intervening
galaxies in the absence of host galaxy measurements. Qiu et al. [160] use Bayesian inference
to analyse a sample of 33 FRBs discovered by the ASKAP telescope and find evidence for
scattering broadening in 5 of them. One of the FRBs with the best evidence of scattering is
FRB 20180110A with a measured index of −3.7± 0.9. No strong evidence of correlation
between DM and scatter broadening was observed in the sample used by Qiu et al. [160],
similar to what has been observed for pulsars in our Galaxy [161]. Using a sample of
CHIME FRBs, Chawla et al. [162] cannot rule out a model of FRBs for which scattering
originates in both in the local environment and in intervening galaxies. Additionally, they
infer that the circumburst media of FRBs must have more extreme properties than those of
typical Galactic plane environment.

5.8.2. Scintillation

Similar to pulsars, FRBs show short-term variations in brightness or ‘scintles’ as a
function of frequency, attributed to the constructive and destructive interference caused
by the multi-path propagation of the signal through turbulent, ionised electron density
concentrations. Scintillation in the strong scattering regime (large variations in phase
over the Fresnel scale) is dominated by two distinct branches: diffractive (scales of
∼106–108 m) and refractive (scales of ∼1010–1012 m). This spectral modulation is seen
as the densities in the ISM move by the Earth, and the timescale of the intensity of the
fluctuations depend on the relative velocities of the densities in the intervening medium,
the FRB, and the Earth. Interference can occur only if the condition of 2π∆ντs∼1 is satis-
fied, in which ∆ν is the ‘decorrelation bandwidth’ or ‘scintillation bandwidth’ and is the
typical bandwidth of correlated intensity fluctuations for a source. This shows that the the
scintillation bandwidth is related to the scattering time and scales as ∆ν∼1/τs ∝ ν4. FRBs
20121102A [163], 20150807A [164], 20170827A [140] and 20181017C [63] in particular show
distinctive scintles in their spectra. FRB 20150807A’s scintillation is possibly due to weak
turbulence in the plasma in the IGM or host galaxy [164]. FRB 20170827A exhibits both
broadband scintillation accounted for by the turbulence in the ISM of the Milky Way, as well
as narrower striations of a few frequency channels wide spanning ∼150 kHz suggestive
of a screen along the path of propagation [140]. The origin of the few 100 kHz striations
seen in FRB 20181017C are less constrained, with possibilities including turbulence in
the Galactic ISM, IGM, the source or the ISM of the host galaxy [63]. Pulses from FRB
20121102A in the L-, S- and X-bands exhibit narrow-band fluctuations of burst intensity
consistent with scintillation from the ISM of the Milky Way at the observed low Galactic
latitude of the FRB [100,163].

Interstellar scintillation is also expected to amplify the emission from some FRBs
such that pulses which would typically be too weak to be detected are pushed above
the threshold of detectability [119]. However, the typical scintillation bandwidths at the
Galactic positions of FRBs are much smaller than the wide observing bandwidths possibly
resulting in no amplification of the signal (see Section 5.2). Therefore it is unlikely that
scintillation plays a major role in the detectability of FRBs.
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5.8.3. Microstructure

The durations of transient events discovered in searches at radio telescopes are some-
times limited by the instrumental sampling and smearing time, which lead to the broaden-
ing of a pulse. The true intrinsic pulse width and shape are recoverable through coherent
dedispersion of the raw voltage data from the telescope. An example of this is the real-time
detection of FRB 20181112A discovered at the ASKAP telescope operating with time and
frequency resolutions of ∼1 ms and ∼1 MHz respectively. The processing of the recorded
high-time resolution data allowed Cho et al. [139] to probe emission timescales down
to microseconds. While the real-time detection was a single peak with a pulse width
of 2.1± 0.2 ms, coherent dedispersion resulted in the identification of four-microsecond
duration pulses under the main burst envelope. Similarly, FRB 20181017C discovered at
UTMOST as a single-peaked millisecond duration event in the real-time detection system
was resolved into 3 distinct components in the coherently dedispersed high-time resolu-
tion voltage data [63] (see Figure 5). Neither FRB 20181017C nor FRB 20181112A show
evidence for phase-coherence between the pulse component supporting plasma lensing or
periodicity in the arrival times.

Microstructure in pulses represents the shortest time scale fluctuations in the total
intensity measured so far. These timescales constrain the instantaneous size of the emitting
region and consequently, the emission mechanism. Notable FRBs that show these features
are FRB 20121102A, 20170827A, 20180916B and 20181112A. In the case of FRB 20181112A,
the observed widths are limited by the scattering timescale. FRB 20121102A showed a
30µs wide burst component at 4.5 GHz [165]. A study of voltage data recorded during
observations of FRB 20180916B shows bursts with structure as narrow as 3–4 µs, and
spanning close to 3 orders of magnitude up to ∼2 ms within individual bursts [62]. This
implies an emission region of ∼1 km [62]. On average, the observations of microstructure
indicate emission regions of the order of a few hundred km (see Section 1). This suggests
a magnetospheric origin model (also referred to as the pulsar-like emission model) in
which the radio burst occurs close to, or within the magnetosphere of the central engine,
compared to the shock model in which relativistic shocks are generated by an explosive
energy release from the central engine at larger distances. In the case of an FRB originating
at a shock front rather than the magnetosphere of the progenitor, a relatively small area of
the shock front is expected to contribute to the emission.

5.8.4. Frequency Drifting a.k.a the Sad-Trombone Effect

An interesting property of FRBs is the recently discovered complex time–frequency
structures which include sub-bursts that are band-limited, e.g., [106,136,163]. Until recently,
all FRB pulses were dedispersed to the DM that maximises S/N, which may lead to any
burst structure being unresolved. When dedispersed to the structure-maximising DM,
these pulses can exhibit multiple sub-burst components under the same emission envelope.
They have also revealed a downward drift of the sub-bursts in frequency such that the
lower frequencies arrive at later times within the burst envelope. These downward drifts
(also referred to as the ‘sad-trombone effect’) are more common in FRBs which repeat and
is likely a combination of the unknown emission mechanism and line-of-sight propagation
effects. The drifting has been explained by the magnetar models in which a decelerating
shock wave causes a temporal decrease in the peak frequency resulting in the observed
drift [146]. Within the framework of magnetospheric emission, the drifting is explained
either through transient pulsar-like sparking from the inner gap region of a slowly ro-
tating neutron star, or through externally-triggered magnetosphere reconfiguration [166].
Plasma lensing (see Section 5.8.5) has also been proposed as a likely cause of the frequency
drifting due to a source induced bow shock in a dense medium or filaments in a super-
nova remnant. Intriguingly, the downward drift is larger towards higher frequencies,
e.g., [104,106,163,167]. The two most well-studied FRBs across a wide range of frequencies,
which also exhibit downward drifting sub-bursts are FRBs 20121102A and 20180916B.
Even though they reside in markedly different host galaxies and local environments (see
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Sections 5.9 and 5.11) it appears that there might exist a shared sub-burst drift law among
repeaters [168]. A larger sample of repeaters is required to examine if these features are
indeed common among all repeating FRBs or at least a significant subclass of them. If
proven to be a common property, it will likely offer significant clues to the FRB emission
mechanism. It appears that while the downward drifting structure is more common in
repeaters than non-repeaters, several repeat bursts do indeed occur without significant
drifting sub-structure [56,57]. Therefore, the lack of drifting structure in a burst is presently
insufficient to classify the FRB as a non-repeater. Additionally, downward-drifting struc-
ture may be unresolved in coarse time resolution data. Coherent dedispersion and analysis
of voltage data of repeater and one-off bursts is important to understanding whether the
presence of downward-drifting structure is predictive of repetition.

5.8.5. Plasma Lensing

Plasma lensing caused by one dimensional over- or under-dense Gaussian lenses
in the proximity of the source of the FRB, or farther out in the host galaxy has been
considered as a possible cause of the frequency drifts seen in FRBs, e.g., [169]. The focal
length of a lens must be less than the distance to the observer from the lens for caustics
to form. However, the predominance of downward frequency drifts in repeating FRBs is
puzzling. Should lensing occur, one would expect to observe both downward and upward
frequency drift: as the viewing geometry changes, the drift rate is expected to change
rate and signs. Potential upward drifting behaviour has been reported before in repeating
(periodic) FRBs 20121102A [170] and 20180916B [67], and in the apparently one-off FRB
20190611B [61]. However, when pulses consist of two sub-bursts, it is unclear whether the
pulses are independent or occur within the same burst envelope, thereby providing only
tenuous evidence.

5.9. Polarization

Polarization is typically used to probe the presence of magnetic fields. In pulsar or
transient search modes, only data containing the total intensity information of a source
is typically recorded as full Stokes polarization data products are larger in size and not
feasible for storage on a regular basis. Additionally, some telescopes do not possess the
capacity to measure polarization. A linearly polarized wave is the superposition of left
and right circularly polarised waves. On propagation through a magnetised plasma, the
right and left circularly polarized components are phase shifted by different amounts or
equivalently the plane of the linearly polarised component is rotated. This birefringent
effect is called Faraday rotation. The angle between the plane of linear polarization and
the plane of reference is called the polarization position angle and the amount of rotation
undergone is quantified by the rotation measure (RM) given by,

RM =
e3

2πm2
ec4

∫ d

0
neB||dl (10)

where d is the distance to the source, ne is the electron density along the line of sight (LOS),
B|| is the magnetic field parallel to the LOS, and dl is the elemental vector towards the
observer along the LOS. The sign of the RM depends on whether the field direction is
oriented towards (negative) or away (positive) from the observer. The effects of Faraday
rotation are strong in the radio part of the electromagnetic spectrum and are observable
in any plasma irrespective of whether or not those atoms/molecules have magnetically
susceptible energy levels. This indicates that we can ignore interstellar extinction and
thus probe magnetic fields out to cosmological distances. Polarization information is
crucial to discerning the emission physics behind the sources, and RMs can offer significant
clues to the origins of FRBs. Faraday rotation can manifest itself not only as a change in
the polarisation angle with frequency but also as a change in the polarised flux density
(depolarization) with frequency. The raw polarization measured by a radio telescope
could differ from the true polarization of the source due to a number of effects such as
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the propagation of the wave through the medium between the source and telescope, and
various instrumental non-idealities. The ultimate aim is to correct for these effects in order
to derive the true source polarization properties.

In the case of extragalactic FRBs, the observed total RMs would be a combination of
different contributions along the lines-of-sight given by,

RMobs = RMGalactic + RMiono + RMIGM(z) + RMhost(z) + RMsource(z). (11)

RMGalactic is the Galactic component assumed to typically vary with Galactic latitude
and longitude and includes the local universe RM contributions, RMiono is the RM due to
the Earth’s ionosphere, RMIGM is the contribution from the intergalactic medium in the
form of galaxies or filaments of cosmological large-scale structures along the LOS, RMhost
is the RM due to anomalous regions in a host galaxy, and RMsource is the intrinsic compo-
nent from magnetized plasma associated with the progenitor source and its immediate
environment. In the case of a source at cosmological distances, the RM along the line of
sight after accounting for the contributions from RMGalactic and RMiono will be reduced by
a factor of (1 + z)2 as,

RM(z) =
e3

2πm2
ec4

∫ ne(z)B||(z)
(1 + z)2

dl
dz

, (12)

due to the redshifting of the observed frequencies. Based on the RM and DM, the average
magnetic field along the LOS weighted by electron density can be estimated as,

〈B||〉 ≈
( RM

rad m−2

) ( DM
pc cm−3

)−1
G. (13)

The measured magnetic field is typically a lower limit due to possible line of sight
magnetic field reversals caused by intervening components-like filaments or galaxies. Of
the ∼600 published FRBs, only 20 have measured RMs. This sample of 20 contains FRBs
which are highly linearly and circularly polarised. FRBs 20140514A and 20160102A are
notable for their significant circular polarization fractions in addition to their high linear
fractions (see Table 2). Conversion of linear into circular polarization through Faraday
conversion in the intervening media has been proposed as a cause for the observed circular
polarization fractions [171,172]. FRBs with observed RMs in excess of the Galactic contri-
bution suggest an ordered magnetic field local to the host galaxy or progenitor. Conversely,
in the FRBs where the observed RM is almost similar to the Galactic contribution there
exists no ordered magnetic field local to the host or progenitor. No coherent picture has yet
emerged from the relatively small sample of available RMs.

Figure 6 shows FRBs and Galactic pulsars as a function of RM and DM. The shaded
regions enclose the ranges of potential RMs (∼few to∼105) and DMs for various progenitor
models. The repeating FRB 20121102A is observed to have the highest measured RM by
far, comparable to that of the Galactic centre magnetar J1745−2900. A decades-old neutron
star embedded within a still-compact supernova remnant, or a neutron star near a massive
black hole and its accretion torus have been proposed to explain the high RM [50,165,173].
On the contrary, non-repeating FRBs have RMs smaller by orders of magnitude and com-
parable to those of Galactic pulsars indicating that they are not associated with galactic
nuclei [174]. However, the proximity of some repeating FRBs to non-repeating FRBs and
pulsars suggests that repeating FRBs may in fact reside in various different environments.
Some progenitor models expect the peak burst rate to decrease with source age [146,175],
which suggests that these sources may be older compared to FRB 20121102A. This is sup-
ported by the observed erratic, short-term RM variations of ∼103 rad m−2 week−1 and
overall decrease of RM from 1.4× 105 rad m−2 to 6.7× 104 rad m−2 in FRB 20121102A over
∼2.6 years [102]. If all FRBs are repeaters belonging to a single population, FRB 20121102A
might be a particularly young and active specimen at a different evolutionary phase com-
pared to the others. Interestingly, the two best-characterised repeating FRBs 20121102A and
20180916B, which have also been localised to host galaxies (see Section 5.11),
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exhibit similar polarimetric properties. They show ∼100% linear polarization and 0% circu-
lar polarization with a roughly flat polarization angle during and between
bursts [62,106,163,165]. The similarity in the spectro-temporal polarimetric properties
of these bursts suggests that they have the same progenitor type and emission mechanism.

Table 2. Summary of the polarization properties measured in the FRB sample available so far. The second and third columns
list the observed fractional linear and circular polarization, respectively.

FRB Name L(%) V (%) Total RM (rad m−2) Galactic RM (rad m−2) Reference

20110523A 44 ± 3 23 ± 30 −186.1± 1.4 18 ± 13 Masui et al. [48]
20121102A 100 – 67030± 90 −25± 80 Hilmarsson et al. [102]
20140514A <10 21 ± 7 – – Petroff et al. [47]
20150215A 43 ± 5 3 ± 1 −9 < RM < 12 – Petroff et al. [176]
20150418A 8.5 ± 1.5 – 36 ± 52 – Keane et al. [177]
20150807A 80 ± 1 – 12.0 ± 7 13.3 Ravi et al. [164]
20151230A 35 ± 13 6 ± 11 – – Caleb et al. [178]
20160102A 84 ± 15 30 ±11 −220.6± 6.4 24.6 Caleb et al. [178]
20171209A 100 – 121.6± 4.2 Osłowski et al. [179]
20180301A ≥70 ≤3 517 72± 8 Luo et al. [43]
20180309A 45± 0.06 24.33± 0.05 |RM|< 150 – Osłowski et al. [179]
20180311A 75± 3 4.8± 7.3 4.8± 7.3 – Osłowski et al. [179]
20180714A 91± 3 5± 2 −25.9± 5.9 – Osłowski et al. [179]
20180916B ≥80 ≤15 −104± 20 – Nimmo et al. [62]
20180924B 90.2± 2.0 −13.3± 1.4 22± 2 7± 9 Day et al. [61]
20181112A 90 10 10.9± 0.9 – Prochaska et al. [88]
20190102C 82.3± 0.7 4.8± 0.5 −105± 1 34± 22 Day et al. [61]
20190303A ≥20 – −499.8± 0.7 14± 5 Fonseca et al. [56]
20190606A 100 – −20± 1 13± 5 Fonseca et al. [56]
20190608B 91± 3 −9± 2 353± 2 −25± 8 Day et al. [61]
20190611B 93± 3 15± 2 20± 4 30± 19 Day et al. [61]
20190711A 101± 2 −1± 2 9± 2 27± 20 Day et al. [61]
20191108A 70 ≤10 474± 3 −50 Connor et al. [98]
20201124A 91 6 −601± 11 −57± 33 Hilmarsson et al. [180]

In addition to the RMs, the polarization position angle (PA) across the burst phase
offer additional diagnostic information for informing FRB emission models. According to
the rotating vector model for pulsars, we expect the PA to trace an S-shaped curve as the
beam of radiation crosses the observer’s line of sight. Some apparently one-off FRBs exhibit
variable polarisation position angles e.g., FRB 20110523A [48]. On the contrary, most repeat-
ing FRBs which have polarisation information in the literature, have constant PAs during
each burst (e.g., FRBs 20121102A [165], 20180916B [57], 20190711A [61], 20190604A [56],
20190303A [56]). In the case of repeating FRBs, it could just reflect timescale and altitude
of the emission process rather than the rate of a rotating beam sweeping across the line
of sight, like in the case of most radio loud magnetars which are observed to have flat
PAs [163]. Variable PAs have also been observed in a radio loud magnetar as shown
in Kramer et al. [181]. An outlier in the polarised sample of repeaters is FRB 20180301A,
whose pulses show a rich diversity of PA swings across the pulse profiles [103]. This
diversity is consistent with a magnetospheric origin of the radio emission, and disfavours
the radiation models invoking relativistic shocks [103] similar to what has been suggested
for FRB 20180916B [62]. Noteworthily, giant pulses from the Crab pulsar exhibit constant
PAs in their high frequency interpulse mode, but show variable PA swings in the normal
main pulse mode [163,182].
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Figure 6. Comparison of the DMs and RMs of pulsars and FRBs. The FRB DMs are upper limits
as they are the total observed values. The shaded regions indicate various progenitor models in
RM–DM space. The similarity of the RM of FRB 20121102A to that of the Galactic centre magnetar
J1745−2900 suggests an association with an AGN for the FRB.

5.10. Pulse Widths

An interesting property of FRBs are their pulse widths, which give us an under-
standing of the progenitor physics and the medium the signal has travelled through. The
observed pulse width (W) of an FRB is the sum of various contributing factors along the
line-of-sight and at the telescope given by,

W2 = τ2
IGM + τ2

ISM + τ2
int + τ2

DM + τ2
δDM + τ2

samp + τ2
δν, (14)

where the first two components are the scattering times due to the IGM and ISM, τint
is the (unknown) intrinsic width of the pulse, τDM is due to the DM smearing, τδDM is
the second order correction to the DM smearing, τsamp is due to the adopted sampling
time and τδν is the filter response of an individual frequency channel [27]. The observed
widths of FRBs discovered to data range from ≈10 µs to 40 ms. The intrinsic temporal
pulse width may observationally distinguish repeating and as-yet non-repeating FRBs as
initially noted in Scholz et al. [183]. They found that the intrinsic widths of a sample of FRB
20121102A bursts were broader than a sample of apparently non-repeating FRBs detected
with the Parkes telescope. Similarly, Fonseca et al. [56] compared the widths of a sample
of repeater and non-repeater pulses of S/N ≥ 10 detected by the CHIME telescope in the
400–800 MHz-frequency range. A self-consistent sample was chosen as the variation of
intrinsic width with observing frequency is not yet well understood. The two samples do
not appear to be drawn from the same distribution, suggesting different origins. More
recently, based on the CHIME catalog of ∼550 sources, Pleunis, Ziggy and Good, Deb-
orah C. and Kaspi, Victoria M. and Mckinven, Ryan and Ransom, Scott M. and Scholz,
Paul and Bandura, Kevin and Bhardwaj, Mohit and Boyle, P. J. and Brar, Charanjot and
Cassanelli, Tomas and Chawla, Pragya and Fengqiu and Dong and Fonseca, Emmanuel
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and Gaensler, B. M. and Josephy, Alexander and Kaczmarek, Jane F. and Leung, Calvin
and Lin, Hsiu-Hsien and Masui, Kiyoshi W. and Mena-Parra, Juan and Michilli, Daniele
and Ng, Cherry and Patel, Chitrang and Rafiei-Ravandi, Masoud and Rahman, Mubdi
and Sanghavi, Pranav and Shin, Kaitlyn and Smith, Kendrick M. and Stairs, Ingrid H. and
Tendulkar, Shriharsh P., [184] report that in addition to being broader in width, repeaters
on average emit in small spectral bands compared to non-repeaters. This is visualised in
Figure 7, which shows the bandwidths and durations of the FRBs with S/N > 12. Similarly,
Qiu et al. [160] studied the profiles of 33 bright FRBs detected by ASKAP. Their stacked
normalised posterior distribution of intrinsic pulse widths from the ASKAP sample contain
seven FRBs with measurable intrinsic pulse widths including two ASKAP repeaters. Unlike
in the CHIME sample, Qiu et al. [160] do not see any evidence for bimodality in the pulse
width distribution. However, it should be noted that this is a much smaller sample of
repeaters compared to CHIME. While the bimodal distribution is suggestive of two origins,
it could potentially be a selection effect of repeating FRBs having wider beaming angles,
which would make repetitions more likely to be detected. The pulse width distribution
should be interpreted with caution as repeating FRBs tend to be broader due to drifting
sub-bursts. We have also seen in Section 5.8.4 that not all repeaters show sub-bursts and it
is possible that these apparently non-repeaters could exhibit broader repeat pulses.
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Figure 7. Comparison of the bandwidths and durations of the FRBs in the CHIME Catalog 1. Blue
diamonds represent one-off events and red open circles denote repeater pulses. The normalised
histograms on the right show that one-off events are narrower in width and occupy a larger band-
width compared to repeater bursts, which are broader in width and occupy a comparatively smaller
bandwidth. One-off events may potentially be as-of-yet undiscovered repeaters (e.g., due to limited
exposure or source activity). Figure credit: Ziggy Pleunis.

5.11. Host Galaxies and Progenitors

The scientific payoff from an astrophysical source is only truly realised upon local-
isation. Most FRBs discovered during the early stages of the field were detected with
single pixel radio telescopes with relatively poor angular resolution. As a result, most
of the initial discoveries were poorly localised. With the advent of interferometers and
discoveries of repeating FRBs, localisations and associations with host galaxies have be-
come more common. FRB 20121102A was the first one to be localised due to its repeating
nature. It is seen to lie in a star forming region in the outskirts of the dwarf galaxy at a
redshift of z = 0.19273(8), and is offset from the centre of light of the galaxy. The sub-
milliarcsecond localisation of the first repeating FRB 20121102A with high rotation measure
(see Section 5.9) showed that it is physically associated with a compact (<0.7 pc), persistent
radio source exhibiting ∼10% variability on day timescales, which appears to provide
important clues to the origin of the radio bursts [50,52]. The persistent radio source as-
sociated with the FRB location is visible all the way from 1 to 26 GHz and might be key
to understanding the energetics and the formation of the FRB source. For instance, a
roughly decade-old, highly magnetised neutron star could be injecting energy into the
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surrounding medium, producing a luminous magnetar wind nebula [185]. Some have
suggested that the radio bursts are produced not in the magnetar’s magnetosphere, but at
the interface of the magnetar wind and surrounding environment [185,186]. In this case,
FRBs may always be associated with compact, persistent radio sources. Following this
discovery several searches ensued for FRBs in dwarf galaxies with similar conditions to
that of FRB 20121102A, but no new FRBs were discovered. Recently, a second repeating
FRB source, FRB 20180916B was precisely localised to the apex of an apparently ‘V’-shaped
star-forming region in a nearby massive galaxy at z = 0.0337 [187], using the European
VLBI Network of telescopes. Interestingly, FRBs 20121102A and FRB 20180916B are in close
proximity to star-forming regions of sizes 1.4–1.9 kpc and 380 pc respectively within their
host galaxies, with offsets of ∼250 pc from the peak of star-formation of these regions [188].
However, the lack of both a comparably luminous persistent radio counterpart and a high
Faraday rotation measure distinguishes FRB 20180916B from FRB 20121102A. In contrast,
the repeating FRB 20200120E is observed to be associated with a globular cluster in the M81
galactic system [189]. Since globular clusters typically host an older stellar population, this
association challenges FRB models involving magnetars formed through the standard core-
collapse supernova channel. However, a magnetar formed either through accretion induced
collapse or a merger of compact stars in a binary system are still viable, as are giant pulses
from millisecond pulsars [189]. Additionally, heightened activity from the repeating FRB
20201124A enabled it to be localised to a host galaxy at a redshift of z = 0.098± 0.002 [190].
Similar to FRB 20121102A, persistent radio emission from FRB 20201124A was detected by
the uGMRT [191] and the JVLA [192] on angular scales of a few arcseconds but resolved
out at scales of ∼0.1 arcseconds with the European VLBI Network [193]. This demonstrates
that repeating FRBs have a wide range of luminosities, and originate from diverse host
galaxies and local environments.

In contrast to the repeaters, the Australian SKA Pathfinder (ASKAP) [89,194], DSA-
10 [99] and VLA [195] telescopes have localised several one-off FRBs to host galaxies
through imaging of buffered raw-voltage data. Of all the known FRBs, only 19 have been
localised to host galaxies4 with spectroscopic redshift measurements [196] in the range
of z∼0.0001–0.66. The increasing arcsecond localisations of one-off events in addition to
repeaters suggests that we are entering an era where we can begin to look for evidence
of multiple classes by studying FRB host galaxies and potential multi-wavelength coun-
terparts. The host galaxies of FRB 20180916B [187] and other non-repeating bursts [194]
with more massive and older stellar populations, are strikingly different in their properties
compared to the host of FRB 20121102A. The location of the apparently non-repeating FRB
20190608B within its spiral host galaxy at a redshift of z = 0.11778 [197], is remarkably
similar to that of the repeating FRB 20180916B. However, further investigation of their
similarities would require milliarcsecond localisation obtained from potential repeat bursts.

Heintz et al. [194], Bhandari et al. [198] and Li and Zhang [199] studied the global
properties of a sample of host galaxies comprising repeating and one-off FRBs. The host
galaxies of FRBs are seen to range from from starburst to nearly quiescent. They find that
the physical offset between the FRB positions and the host galaxy centers range from 0.6 to
11 kpc, with a median value of 3.3 kpc. Overall, FRBs are not seen to occur in the nuclei
of their hosts. High spatial resolution images show most FRBs to be located in the arms
of these galaxies [200]. These physical offsets shown in Figure 8 are consistent with those
observed for short Gamma-ray bursts, core-collapse supernovae, and Type Ia supernovae
suggesting that FRB progenitors host population shares the similar characteristics to those
of these transients. Magnetars formed via regular core-collapse supernovae, binary neutron
star mergers and accretion-induced collapses of white dwarfs are plausible progenitors to
the FRBs in this sample [194,201]. The current sample of FRB host galaxies are moderately
star forming with star formation rates in the range 0.03–8M� yr−1. These are statistically
inconsistent with the star formation rates of ULXs and Type Ia supernovae host galaxies,
which are often more star forming (see Figure 8).
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each plot. The star-formation rates of host galaxies of FRBs and other transients are redshift corrected to be statistically
representative of z = 0 galaxies. Figure credit: Shivani Bhandari.

A Baldwin, Phillips & Telervich BPT [202] diagram (the ratios of measured line fluxes
for [O III]/Hβ against [N II]/Hα and [S II]/Hα) compares the hosts of FRBs with star-
forming galaxies, low-ionization nuclear emission line region (LINER) galaxies, and active
galactic nuclei (AGN). Figure 9 shows the BPT diagram for a sample of well-localised FRBs
reported in Heintz et al. [194] and Bhandari et al. [198]. The majority of FRB hosts are
emission-line galaxies that appear to favour AGN and LINER populations. The FRBs in
Figure 9 do not track the stellar mass and overall are not hosted in old, red and dead galaxies
which possess an older stellar population. The present data supports a mix of prompt
(core-collapse supernovae) and delayed channels for producing FRB progenitors [198].
Currently, even with the addition of the Galactic magnetar SGR 1935 + 2154 to the repeating
FRB class, there is no distinction between the hosts of repeaters and one-off FRBs [199].
Little is known about the radio properties of these galaxies as only a few FRB host galaxies
have been detected in the radio. While both repeating and apparently one-off FRBs have,
and are continuing to be localised, the connection between them (if any) remains unclear at
the moment and therefore understanding their host galaxies and immediate environments
is crucial.

5.12. Afterglows and Persistent Emission

Synchrotron radio emission is a distinctive feature of jets of ejecta or expanding shells,
and is well observed in GRBs and supernovae. Typically, radio emission is only observable
once the ejecta become optically thin. FRB 20121102A is the only FRB where persistent
emission has been detected, despite follow-up observations of other localised FRBs reaching
lower luminosity limits. No persistent radio emission was found to be associated with FRB
20180916A above a 3-sigma r.m.s. noise level of 30 µJy beam−1 with the EVN at 1.7 GHz
and a 3-sigma r.m.s. noise level of 18 µJy beam−1 with the VLA at 1.6 GHz [187]. Any
persistent radio emission in the vicinity of FRB20180916A would be 400 times fainter than
the one associated with FRB 20121102A [52]. Similarly, no persistent radio emission was
detected at the position of the Galactic magnetar in MeerKAT radio images at 1.4 GHz above
103 µy beam−1 [203]. Four of the FRBs discovered and localised by the ASKAP telescope
were observed within 10 days of the bursts’ discoveries with the Australian Telescope
Compact Array (ATCA) at centre frequencies of 5.5 and 7.5 GHz [204]. After combining



Universe 2021, 7, 453 24 of 34

the data from the two bands, Bhandari et al. [204] found no continuum emission anywhere
within the host galaxies of FRB 20180924B, FRB 20181112A, or FRB 20190102C (S6.5GHz <∼
20 µJy) and no continuum emission at the location of FRB 20190608B within its host
(S6.5GHz <∼ 10 µJy). uGMRT observations of the repeating FRB 20201124A detected an
unresolved persistent radio source with a 650 MHz flux density of 0.7± 0.1 mJy. Subsequent
JVLA imaging in the S and X bands detected an unresolved persistent radio source with
a flux density of 0.34± 0.03 mJy at 3 GHz and 0.15± 0.01 mJy at 9 GHz coincident with
the uGMRT detection. EVN observations of the field ruled out any emission on angular
scales larger than &140 mas, thereby suggesting that the persistent emission detected by
the uGMRT and the JVLA must be extended in nature [193]. A combination of the global
properties of the host galaxies and the existence/non-existence of persistent emission
will help constrain a possible correlation between source age and existence of persistent
emission, and help address the question of multiple populations.

Figure 9. Emission line properties for the host galaxies of a sample of well-localised FRBs compared
to star-forming galaxies, LINER galaxies, and AGN. Sample A corresponds to highly probable
host-galaxy associations based on the FRB localization and galaxy photometry. Most FRB hosts
are observed to lie away from star-forming main sequence and are concentrated more towards
LINER galaxies. The host galaxy of FRB 121102 is an obvious outlier lying close to the tail-end of the
stat-forming sequence. Figure credit: Shivani Bhandari.

6. Biases in Observations and Detections

While modelling and interpreting the properties of FRBs, it is important to recog-
nise several, quite different selection effects and observational biases. These incomplete-
ness factors are important in determining accurate underlying population characteristics,
e.g., [205,206] and the use of FRBs in cosmological studies. Below, we summarise a few of
the main biases in our current studies of FRB populations.
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• The expected detection rate at a telescope for any observation depends on the DM
range searched combined with the frequency resolution of the observations. Coarser
frequency resolution causes observations to be less sensitive to high-DM FRB events
due to DM smearing [141,206].

• Any given telescope is incomplete to FRB detections below a certain threshold fluence.
Pulses with the same fluence but different widths (due to propagation effects) are
not equally detectable as search algorithms become increasingly incomplete to wide
bursts. Even if FRBs are not broader than the widths searched at telescopes, they
may still be incomplete in fluence. It is crucial to account for fluence completeness in
source count distribution estimates [205].

• The effects of attenuation by the unknown position in the telescope beam response
is reflected in the amplitude of the source count slope. Any estimation of the source
count slope therefore requires that either all events are corrected for the effect of
beam attenuation, or that corrections are applied to no events. It should be noted that
fully-sampled focal-plane arrays do have this problem [41].

7. Summary and Future Prospects

The field of FRBs started on shaky ground followed by a roller coaster ride, but has
since grown richer, and holds exciting prospects. The last few years have revolutionized
FRB astronomy and we as a community are on the brink of answering some of the most
fundamental open questions regarding their nature and applications in other areas of
astrophysics. Presently, new FRBs (both repeating and non-repeating) continue to be
steadily discovered with existing instrumentation. Over 50 progenitor model theories have
been proposed for FRBs, ranging from flaring magnetars and the destruction of highly
magnetised white dwarfs, to more exotic ones involving interactions between axion stars
and black holes. The only stringent limitation for a model progenitor is that the FRB
cannot be embedded in a medium too dense that gigahertz-frequency emissions would be
suppressed. We know that FRBs are detectable as low as 110 MHz and as high as 8 GHz,
though not yet across a wide and continuous range of frequencies. With the detection of
FRB like pulses from a Galactic magnetar, we now know that at least a sub-population
of FRBs can be produced by extragalactic/cosmological magnetars. The diversity in the
morphology of the existing sample of host galaxies and the locations of FRBs within them,
makes it important to study a larger sample to discern their origins.

Ongoing and planned real-time identifications of FRBs will permit quasi-real-time
triggering of multi-wavelength instruments to search for afterglows through automated
mechanisms such as VOEvents. Detections of gravitational waves associated with an
FRB would actually prove its cataclysmic nature and provide a direct link with neutron
star mergers, gamma-ray bursts and kilonovae. The detection of gravitational waves
in association with FRBs could be relevant to repeaters as well, e.g., magnetospheric
interactions decades to centuries before the merger can make repeating FRBs while emitting
gravitational waves [207]; and a post-merger magnetar sometime after the coalescence
could make repeating FRBs [208,209]. In the latter case, a historical gravitational wave
source can be associated with a repeater. Neutrino detections coincident with FRBs on the
other hand, would give us insight into hadronic accelerations and atomic decay processes
associated with the source [210]. The better we can characterize the radio bursts and
their associated multi-wavelength emission, the better our chances are of identifying the
underlying emission mechanism. The full potential of FRBs will only be realized in the era
of routine FRB detections and corresponding host galaxy identifications. The MeerKAT
telescope in South Africa through the MeerTRAP5 and TRAPUM6 projects have started
scanning the skies for FRBs along with the robotic MeerLICHT optical telescope to identify
possible contemporaneous optical flashes that FRBs might produce. The STARE2, UTMOST,
ASKAP and CHIME telescopes are making significant advances in studying the low DM
(100–1000 pc cm−3) population in the relatively local Universe. The ASKAP, DSA-10 and
VLA telescopes are making huge strides towards real time detections and localisations.
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Upcoming wide-field telescopes such as the Canadian Hydrogen Observatory and Radio
transient Detector (CHORD), Hydrogen Intensity and Real-time Analysis experiment
(HIRAX) and the SKA are expected to deliver hundreds if not thousands of localised FRBs
across a range of redshifts. In or near 2023, we will also have initial FRB survey results
from the next generation telescopes like FAST and MeerKAT which will push our search
horizons beyond redshifts of 2. While high-z FRBs hold great potential for cosmological
studies, low-z FRBs are better observationally. We can expect multiple new detections,
host galaxy identifications and physical insights in the next few years. The future of FRB
science is certainly very bright and we can expect an abundance of exciting science in the
coming years.
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Abbreviations
The following abbreviations are used in this manuscript:

AGN Active Galactic Nuclei
ASKAP Australian Square Kilometre Array Pathfinder
ATCA Australian Telescope Compact Array
CGM Circumgalactic medium
BPT Baldwin, Phillips & Telervich
CHIME Canadian Hydrogen Intensity Mapping Experiment
DM Dispersion measure
DSA Deep Synoptic Array
EVN European Very Long Baseline Interferometry Network
FAST Five-hundred-meter Aperture Spherical Telescope
FRB Fast radio burst
GBT Green Bank telescope
GMRT Giant Metrewave Radio Telescope
GRB Gamma-Ray Burst
IGM Intergalactic medium
ISM Interstellar medium
LINER Low-Ionization Nuclear Emission Region
LOFAR Low-Frequency Array
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LGRBs Long Gamma-Ray bursts
MWA Murchison Widefield Array
RM Rotation measure
SGBRs Short Gamma-Ray bursts
SRT Sardinia Radio telescope
STARE2 Survey for Transient Astronomical Radio Emission 2
SKA Square Kilometer Array
VLA Very Large Array
WSRT Westerbork Synthesis Radio Telescope

Notes
1 As of March 2020 this has been replaced by the Transient Naming Server convention as FRB YYYYMMDDabc.
2 It is common to refer to the fluence density of FRBs incorrectly as simply fluence, we do likewise.
3 https://www.wis-tns.org/, accessed on 25 June 2021.
4 https://frbhosts.org/, accessed on 22 September 2021.
5 https://www.meertrap.org/, accessed on 26 January 2021.
6 http://www.trapum.org/, accessed on 26 January 2021.
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