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Abstract: Fast radio bursts (FRBs) represent one of the most exciting astrophysical discoveries of
the recent past. The study of their low-frequency emission, which was only effectively picked up
about ten years after their discovery, has helped shape the field thanks to some of the most important
detections to date. Observations between 400 and 800 MHz, carried out by the CHIME/FRB telescope,
in particular, have led to the detection of ~500 FRBs in little more than 1 year and, among them,
~20 repeating sources. Detections at low frequencies have uncovered a nearby population that we
can study in detail via continuous monitoring and targeted campaigns. The latest, most important
discoveries include: periodicity, both at the days level in repeaters and at the millisecond level in
apparently non-repeating sources; the detection of an FRB-like burst from a galactic magnetar; and
the localisation of an FRB inside a globular cluster in a nearby galaxy. The systematic study of the
population at low frequencies is important for the characterisation of the environment surrounding
the FRBs and, at a global level, to understand the environment of the local universe. This review
is intended to give an overview of the efforts leading to the current rich variety of low-frequency
studies and to put into a common context the results achieved in order to trace a possible roadmap
for future progress in the field.
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1. Introduction

Fast radio bursts (FRBs) are millisecond-duration bright (~]y) signals which have so
far only been detected in the radio band. They were discovered in 2007 [1] through an
archival data search of pulsar observations at the Murryiang Parkes radio telescope. All
the first detections of FRBs came from Parkes, where these observations were performed
at 1.4 GHz. FRBs exhibit a dispersion measure (DM) relation that is consistent with the
propagation expected through cold plasma [1], with values that largely exceed the ones
predicted for galactic objects by the ionised interstellar medium (ISM) models toward their
direction in the sky [2,3]. The first FRB to be detected with the Arecibo radio telescope was
FRB20121102A [4]. FRB20121102A was a first in many respects. Its discovery was the first
confirmation that FRBs had to be astrophysical objects by removing the direct link of the
phenomenon to the Murryiang Parkes telescope. FRB20121102A was also the first (and only,
for a while) FRB whose signal was observed more than once [5]. FRB20121102A allowed
the first deeper view into the FRB phenomenon, and it naturally became the archetype
for FRB models. Before FRB20121102A, the locations of the few known FRBs [1,6,7] had
been searched for, extensively, both in archival data and with dedicated observations, but
no trace of other bursts had been found. For instance, ~80 h of follow up for the Lorimer
burst [1], ~80 h for FRB 131104 [8] and ~110 h for selected FRB positions [9] at the Parkes
radio telescope yielded no repeats. This led to the hypothesis that FRBs must originate from
cataclysmic events, such as a merger of two neutron stars (e.g., [10]), which had no prior
and could not have a follow-up signal. With the discovery of FRB20121102A, at least some
FRBs could not be explained by one-time events, and new models flourished ranging from
SETI activity ([11]) through magnetars to active galactic nuclei (e.g., [12]). A comprehensive
and living review of the models is presented in [13].
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The past couple of years have seen the birth of a rapidly growing, statistically signifi-
cant population of FRBs (with 610 members as of September 2021), among which repeaters
are a small but growing fraction (24) [14]. The majority of the detections are currently
attributed to the Canadian Hydrogen Intensity Mapping Experiment (CHIME, [15]), a new
transit instrument which came online in 2018 and was set up for FRB detections in real
time in the radio band between 400 and 800 MHz. FRB20180916B [16] is the third known
repeater. It was published together with seven other repeating sources which were detected
by CHIME during its commissioning phase. With 10 detected bursts in little more than
4 months, FRB20180916B was the most active of the lot. Its DM = 349 pccm 3 was not
small in absolute terms but, given its direction in the sky, it hinted to a nearby source.

The DMs of extragalactic objects can be factorised in the following macro components:

DMmeasured = DMmw + DMigm + DMhost- (1)

In this empirical formula, the galactic contribution (DM ) can be estimated from
the galactic electron density models, such as NE2001 and YMW16 [2,3]; it includes both
the plane and the halo contribution, depending on where the galactic plane observations
are pointing at. Equivalently, the contribution from the host galaxy of the FRB (D Mj,,;)
takes into account the general ISM probed by our observations within the FRB galaxy
and its halo. This value, however, also includes the local contribution of the environment
surrounding the FRB. The contribution of the intergalactic medium (DM;jgy) is dependent
on the redshift of the FRB [17,18] and is what was used for the measurements of the missing
baryons by [19].

NE2001 and YMW16 differed in their prediction for the galactic DM in the direction
of FRB20180916B by more than 100 pccm~3, with YMW16 quoting a maximum DM of
~325pc cm—3, which made the source location compatible with the Milky Way halo. The
high discrepancy in the models was a consequence of the low galactic latitude of this source
(3.7 deg [16]). Soon after the discovery, this source was indeed localised by the telescopes of
the European VLBI Network (EVN) [20] to a massive spiral galaxy at a luminosity distance
of 149 Mpc (z = 0.0337).

Further detections of bursts from FRB20180916B with CHIME led to the first-ever
detection of periodic activity from an FRB [21]. Rotational periodicity on the order of
seconds or milliseconds was expected from FRBs in the context of the magnetar models (see
Section 3). Searches for periodicity were performed extensively on FRB20121102A [4,5,22].
Ref. [23] detected 93 pulses over 5 h of observations of FRB20121102A in the band 4-8 GHz
using machine learning techniques, providing the first and most complete sample of bursts
available. Even in this case, the search for periodicity resulted in a robust rejection of periods
greater than 10 ms. The observed periodic activity of FRB20180916B was 16.35 £ 0.15
days. The active cycle lasts 2.7 days, with 50% of the bursts happening in a £0.6day
interval. This unprecedented findi ng has also led to the detection of possible periodicity
in FRB20121102A. In this case, the source has an active cycle of 40% within a periodicity
window of 157 £ 7 days [24,25]. From an observational point of view, the existence of
predictable windows of activity has meant a big shift in paradigm: it is now possible to
look at an FRB and know that chances are high to see it active. This has sparked a renewed
observational effort not only in diverse radio frequencies, but also in the quest for the so-far
elusive multiwavelength counterpart.

SGR 193542154 is a galactic magnetar with a period of 3.24 s and period derivative
P =1.43 x 10~ "ss™!, implying a characteristic age of 3.6 kyr and a surface magnetic field
B = 2 x 10" G [26]. This source is known from X-ray observations, while no radio emission
had been detected in the past [27]. Starting on April 24th 2020, the source became very
active in X-rays and, on April 27, 2020, a “burst forest” was detected by several instruments
(e.g., [28]). On the following day, one single radio burst was detected by CHIME/FRB [29],
which was closely followed by the confirmation of the same event by STARE2 [30]. This
same burst was also detected by four X-ray telescopes [31-34]. It was relatively mild and
isolated in X-rays compared to the events of the previous days, the only peculiarity being
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its harder-than-average spectrum. The radio burst, however, was one of a kind, as this was
the first time a galactic magnetar emitted a burst which had a fluence F = 700 k]Jy ms in the
CHIME band (400-800 MHz) and F = 1.5 M]y ms in the STARE2 observation at 1.4 GHz. Its
inferred spectral luminosity is about one order of magnitude lower than the lowest spectral
luminosity detected for FRB20180916B and higher than the one observed in some bursts of
FRB20200120E [35], but it would have been detectable out to the distance of the closest FRB
by a sensitive single dish such as FAST. If confirmed, this event, which was dubbed FRB
200428, would represent the first FRB to be observed at two different frequency bands. The
fluence at 1.5 GHz is double the fluence at 600 MHz. The two points are hardly enough to
define a spectral index, but, if we assume a power law spectrum F(v) « v*, the spectral
index would be, in this case, &« ~ —1.

The technological advances of the latest years and the interest sparkled by the ever-
growing exciting science linked to FRBs have paved the way for an exponentially evolving
field. Thanks to dedicated survey instruments and large amounts of follow-up time granted
by more sensitive telescopes, the last year alone has led to—among other discoveries—the
already mentioned detection of periodicity in FRBs, as well as hints for the existence of
rare periodicity at the millisecond level (see Section 2.2); the detection of a burst close to
FRB energies from a galactic magnetar simultaneous to X-ray emission; the detection of
FRB emission down to the lowest radio frequencies (see Section 10); and the discovery and
precise localisation of an active repeater from a globular cluster in the nearby galaxy M81
(see Section 8.2). All these findings have been triggered by low-frequency observations. The
motivation for this review analysing the multivariate complexion of FRBs at low frequencies,
which will here be considered as frequencies below ~1 GHz, is to provide a comprehensive
overview of what aspects have been important to characterise the low-frequency population
and, complementarily, to derive some general constraints that have emerged from low-
frequency observations that can help us shape future progress in the field.

2. Observational Properties of FRBs

The main observational characteristics of FRBs at first sight were their very short
duration (~ms to tens of ms), their high fluence and their DM in excess of the expected
values for galactic sources (up to ~3000 pc cm~3; see the Transient Name Server, TNS https:
/ /www.wis-tns.org/ (accessed on 10 October 2021), for a list of known FRBs and their
published properties).The first observations (things have changed thanks to the wider use
of interferometers for discoveries) of non-repeating FRBs could only go as far as giving a
loose estimate of the source’s distance and of its energetics. The lack of an established model
for FRBs validated the use of FRB observables, i.e., fluence and DM, to establish a link with
the intrinsic properties of FRBs in a model-independent manner. Flux density is affected
both by the detector’s temporal resolution and by the temporal smearing of the pulse due
to multipath propagation, and this is why fluence measurements were soon preferred over
flux density ones, as well as, e.g., to incorporate in the source counts formalism. In addition
to these properties, polarisation information was available in some cases, which made it
possible to try to characterise the environment around the source.

Repeating bursts from the same source, on the other hand, provide a much larger
wealth of information: spectral properties, burst distribution and repetition rate, and the
evolution of DM and of rotation measure (RM) with time. It is not easy to evaluate whether
repeaters and apparent non-repeaters have the same behaviour given the fact that we have a
distribution of parameters in the case of the former and only one instance for the latter, albeit
from a much wider sample. However, comparisons have been made both for all bursts by
taking into account only the first detected bursts of repeaters, which are not biased by the
detection threshold for subsequent bursts being lower, and by adding up a disproportionate
number of bursts from the more prolific repeater sources (see, e.g., Section 8.2).
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2.1. FRB Distributions

An estimate of the fluence distribution of FRBs is complicated by the fact that different
telescopes observe at different frequencies and with different limiting sensitivities. Fluence,
however, is the best suited parameter for consistent measurements in a case like that of FRBs,
where the temporal duration of the burst would make flux density a biased indicator of the
burst characteristics. The study of source counts, which can be combined with distance
estimates, is a very important indicator to define the properties of a new population of
astrophysical objects. Fluence distributions can provide indications on the cosmological
properties of a population, but they may not be enough to exploit the potential of the class
as a cosmological probe. Fluence itself, however, is a biased measurement, and one should
not extrapolate group considerations only based on fluence unless the completeness of each
instrument can be taken into account. The DM distribution provides a complementing tool
which could, for example, help quantify the extent of the missing baryon problem [19]. The
fluence and DM distributions combined have provided a log N — log F distribution (where
N is the number of sources and F is the fluence), indicating that FRBs are cosmological
sources which seem to follow the canonical star formation rate distribution. According
to [36,37], FRBs can be seen at large distances. Their analysis on fluence, redshift and
DM distributions indicated the need to perform FRB surveys using large field-of-view
(FoV) telescopes to characterise the high fluence tail of the FRB distribution which contains
information on the cosmological evolution of the population. For transient events, this tail
is not probed uniquely by the initial observations.

Scattering is an effect of propagation through the ISM with a sharp inverse depen-
dence on frequency (x v—%). This effect is particularly evident in galactic pulsars at low
frequencies. Scattering produces a characteristic asymmetric tail at the trailing edge of the
pulsed profile. The observed width of a pulse or a burst is given by the convolution of its
intrinsic width with the minimum scattering time. If, at some frequency, the scattering time
is larger than the pulsed width, it can wrap around within the profile and will make the
detection impossible. In the case of FRBs, their high DM made it likely that they might also
experience strong scattering. Scattering, however, can be highly influenced by localised
overdensities more than by the total amount of medium transversed, as is the case for
DM. This could either be due to extended emission away from the source or from a dense
region in the vicinity of it. Another factor that comes into play specifically for signals from
cosmological distances is cosmological time dilation, which stretches the pulse by a factor
of 1+ z. Signals with high DMs are expected to be highly scattered at low frequencies
according to the observed relation between DM and scattering delay (DM — 7y, [38]). This
relation, however, was determined for the ISM within our own galaxy, and the ionized
inter-galactic medium (IGM) might not be distributed in a similar fashion. Furthermore, it
has a large scatter, with at least an order of magnitude uncertainty. For sources outside the
Milky Way such as FRBs, the total scattering is made up of two contributions: interstellar
scattering in the host galaxy and our own galaxy, and intergalactic scattering caused by the
intervening IGM. The first observations of FRBs laid significantly below the bulk of pulsars
in the DM — 1. curve from [38], suggesting that, for a particular DM, there is less scattering
for an extragalactic source than would be expected from the galactic relation. Ref. [39]
assumed a simple cosmological model, considering the sources as standard candles with a
constant number density per unit comoving volume. They further assumed a spectral index
a = —1.4in an analogy with the radio pulsar population [40]. At lower frequencies, these
assumptions would lead to peak flux densities of the order of tens of Jy, with the event rates
significantly dependent on the assumed spectral shape. Their model implied that, for a
given survey at some frequency v, there is a unique correspondence between the observed
flux density and the redshift probed. Ref. [41] confirmed that the scattering due to the
IGM per unit of dispersion measure would be several orders of magnitude lower than that
found in the ISM, with the constant of proportionality between DM and 7s; changing with
redshift as (1 + z)3. The two works demonstrated that the scattering effects at lower radio
frequencies were less than thought, and that the bursts could be detectable at redshifts
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out to about z = 0.5 in surveys below 1 GHz. More recent studies including the many
more bursts that have been detected since then and that have scattering measurements
confirm this trend (see Figure 1 taken from [42]). These estimates of the scattering measure
at z < 3 suggested that temporal smearing may be less than ~ 1 ms for observations at
frequencies above 300 MHz. This implied that surveys with the existing facilities would not
necessarily be sensitivity limited and could be carried out with small arrays to maximize
the sky coverage.
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Figure 1. Figure 5 from [42], “Redshift Estimation and Constraints on Intergalactic and Interstellar
Media from Dispersion and Scattering of Fast Radio Bursts”, reproduced with permission from Jim
Cordes, published by Ap] (IOP Publishing), 2021. It shows the expected scattering time vs DM
from the galactic relation derived for pulsars (cyan shaded region, from [38]). The dots represent all
published FRBs from CHIME [14]: black dots represent one-off FRBs, red dots represent repeaters
and the empty dots in both colors represent upper limits on scattering. The red square represents the
extremely scattered FRB20191221A [43].

2.2. FRB Profiles

As more FRBs fill up the sample, the panorama of bursts has become quite diversified.
Figure 2 shows an example of the variety of burst flavours. They belong to the same
source, FRB20121102A in this case, but a similar trend has been seen in other sources
as well, see, e.g., [44,45]. Some bursts have bright single-peaked profiles. Other show
a wider profile which, when seen in the dynamic spectrum, shows components which
appear and disappear at subsequent times from different spectral regions. FRB20121102A
has been known to exhibit variable spectral behaviour where the emission drifts across
the frequency band. The observed structure of the subpulses typically follows a trend
which has been dubbed “sad trombone” (evident in Figure 2). In the sad trombone effect,
different subpulses, which constitute a large impulse, occupy adjacent spectral bands
at contiguous times. Ref. [46] conducted a multifrequency study of this behaviour and
showed that the drift rate increases at lower frequencies, suggesting that drifting sub-
pulses across the frequency band can cause the resulting pulse to be wider. The detection
of bursts comprised of downward-drifiting sub-bursts is not optimised by the typical
matched filtering techniques [47] used for FRB detection, as they assume a v~2 pulse. DM
optimisation is important when structure is present in the bursts: the optimisation of
DM only based on the signal-to-noise ratio (5/N) could mean that the effect of drifting
subpulses might imply extra corrections on the DM value. Structure, however, could be
disguised below the sensitivity of the observation and could be misinterpreted as scattering.
It is important, in order to fully account for it, to work on the way the dedispersion is
performed. The best DM is typically selected by the detection algorithms as the one which
maximises the S/N of the impulse. However, this value is not representative of the correct
DM if a sad trombone sub-burst structure is present, mimicking a DM trend. In case of
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substructures, the best DM should then be chosen as the one which better resolves the
substructure. Slightly different approaches to produce a structure-maximising DM are
described in, for example, [46,48], and the DM_phase code described in [49] is publicly
available https:/ /github.com/danielemichilli/DM_phase, (accessed on 10 October 2021).
This behaviour has not been seen previously in the much better studied galactic pulsars,
even though new observations at low frequencies show that a similar trend (but also its
inverse: a “happy” trombone) can be observed with more sensitive, single pulse analyses
of known nearby pulsars [50].
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Figure 2. Figure 1 from [46] “FRB 121102 Bursts Show Complex Time-Frequency Structure”, repro-
duced with permission from Jason Hessels; published by Ap]JL (IOP Publishing), 2019. It shows the
complex morphology of different bursts from FRB20121102A as observed by GBT and Arecibo. The
top of each plot represents the profile, and the bottom represents the dynamic spectrum dedispersed
at DM = 560.5pccm™3. The presence of a sub-burst structure is evident in these bursts, and it is
highlighted by the colored bars below each profile. The sub-bursts show a downward drifting trend
with the frequency which has been dubbed “sad trombone” (see Section 2.2).

Burst substructure has now been observed down to 60ns [51,52] when the time res-
olution of the observations allows it to be detected. Notably, the analysis of sub-burst
structures has led to the first detection of millisecond periodicity by CHIME/FRB [43].
FRB20191221A shows at least (scattering affects the measurement) nine overlapping com-
ponents, regularly spaced, spanning a total burst time of 3s. A timing analysis of the
sub-burst components hinted at a periodicity of 216.8 ms at a significance level of 6.50.
Such a large number of components is not usual in FRBs, and indeed, only two more have
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been detected by CHIME with, respectively, six and five components, where a possible hint
of ms periodicity has been found at a <2c-level. Strictly speaking, these sources are one-off
FRBs, as no repetition has been observed outside the one within the one burst envelope.
Indeed, no downward drifting is observed in this case. The ms periodicity may suggest
a misclassified galactic pulsar origin, but the DM of the source strongly points towards
an extragalactic source. One intriguing explanation for this behaviour in the context of
non-repeating FRBs is the generation of periodic pulses from merging neutron stars, with
the production of FRBs originating from the interaction from their magnetospheres long
before the merger [53].

2.3. FRB Spectra

The first band at which FRBs have been exploited is the so-called L-band, at frequencies
around 1.4 GHz. Observations of FRBs were initially carried out mainly at 1.4 GHz thanks
to the wealth of available facilities that can observe at these frequencies and the wealth of
available archival data. This band has historically been an optimal compromise for pulsar
observations between their steep spectrum (« & v~14 — v=10) and the steep dependence of
the ISM contributions to the degradation/distortion of the signal with the inverse of the
frequency (tTpp v=2, T, < v™4). FRB20121102A was first detected at 1.5 GHz but, later
on, repetition was also searched for, and found, at 6 GHz [54]. Currently, FRB20121102A is
the FRB which has been observed at higher frequencies, with detections up to 8 GHz [48].
No systematic searches for FRBs have been conducted extensively above 1.5 GHz, which is
also due to the fact that single dishes are not extremely well suited for surveys of the entire
sky, as would be needed for FRBs. At lower frequencies, on the other hand, a population
of interferometers which could observe a large portion of the sky for a long time exist
(or were refurbished having FRBs in mind), and extensive surveys have been performed
since soon after FRBs were established as a population. With the detection of FRBs at
high frequencies, and the theories leading to the magnetar models (see Section 3), their
spectra were initially thought to be flat. The initial non-detections at low frequencies, also
compatible with the magnetar model, were attributed to a cutoff in the emission which
must happen below 1 GHz either due to the internal emission mechanism or absorption
by the opaque surrounding medium. The first discoveries by CHIME [55,56] extended
the range of the observed emission frequencies down to 400 MHz, and they made it clear
that emissions at low frequencies were not exceptions. A cutoff, if present, must be at
lower frequencies and, in that case, ISM effects could not be excluded as the cause of
non-detection, especially in the case of very high DM FRBs.

The study of repeaters, and of FRB20121102A and FRB20180916B in particular because
of their frequent and predictable activity, led to a more comprehensive view of the mat-
ter. Observations have shown that FRB20121102A is very active at intermediate to high
frequencies: [23] published 93 bursts detected with convolutional neural networks in the
time span of 5 h in the same dataset of [48] at a 6 GHz central frequency. More recently,
FAST published the detection of 1652 bursts in 59.5 h spanning 47 days, with a peak burst
rate of 122 hr~! [57]. In contrast to these, only one single pulse has ever been detected
from FRB20121102A by CHIME below 800 MHz [58] despite a constant on-sky time. The
burst was detected down to at least 600 MHz, the lowest frequency detection of this source
yet, with complex time and frequency morphology. The 34 ms width is larger than the
typical width of FRB20121102A’s bursts, and a sub-burst structure was evident with a
downward drift in frequency at a rate of —3.9 MHzms !, to be compared to 200 MHz ms~*
reported at 1.4 GHz [46]. This means that pulses at even lower frequencies might get
completely smeared out by the sad trombone effect and that this phenomenon possibly
affects the detection of a fraction of the sources.FRB20180916B, on the other hand, is seen
very regularly in CHIME’s band, is seen much less at 1.5 GHZ (although a systematic
study with APERTIF showed 54 bursts spread along different cycles [59]) and has never
been observed at frequencies above 1.5 GHz [60]. It has been proposed that the difference
between the two spectra can be ascribed to the external environment and, consequently,
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on the age of the source (e.g., [61]). DM and RM measurements and variations [54], the
evidence of a persistent radio source spatially coincident with the repeater [62] and, not
least, the paucity of low-frequency emissions [58] all point towards FRB20121102A being
surrounded by a dense—an active—medium, possibly still its wind nebula. FRB20180916B,
on the other hand, shows no evidence of a surrounding compact source either from the
continuous emission [20] or from the spectral properties [59,63-65].

Interpretation arising only from two extremely active repeaters may suffer from a
sort of discovery bias that one should be careful about. However, despite the many
differences which are emerging between the two sources, the frequency behaviour has
some common ground and it is worth discussing. Observational campaigns have been
carried out either using different telescopes at the same time or observing different bands
simultaneously from the same telescope. In the second case, the boundary conditions of the
observations were exactly the same in both bands. Despite extensive observational hours,
only one instance is reported of a burst observed simultaneously at two frequency bands:
FRB20121102A was observed on MJD 57648 both by Arecibo at 1.5 GHz and by the Very
Large Array (VLA) at 3 GHz [66]. The flux density of the Arecibo burst was an order of
magnitude less than that seen by the VLA. During the same campaign, three other bursts
from FRB20121102A had similar observing coverage but were not detected simultaneously.
The bright radio burst from the galactic magnetar (see Section 1) with its detection in two
separate bands is currently the only analogue to this phenomenon, even though in that
case the fluence of the 1.5 GHz burst was double the one(s) at 600 MHz. The only other
case where emission was detected by two telescopes at the same time was on MJD 58836
during an observation of FRB20180916B at low frequencies [64] involving CHIME and
the Robert C. Byrd Green Bank Telescope (GBT). In the latter case, the bandwidths were
contiguous and the emission was observed on the lower ~50 MHz of CHIME's band and
the full extension of GBT’s 100 MHz band. The burst for which coincident emission was
detected was the only burst detected at the top of the GBT band (400 MHz), with a fluence
of ~49 Jy ms in the GBT band and a fluence of ~1 Jy ms in the CHIME band. In total, ten
unique bursts were observed by the two instruments during this campaign. A total of 6 out
of 7 GBT bursts were not detected by CHIME, even though their GBT fluences were higher
than, or comparable to, the corresponding 95% confidence fluence threshold.

Conversely, what is becoming a common feature in most cases, which can be seen if the
observation bandwidth is large enough [48,54,56], is that a significant portion of the flux of
the burst lies within a very narrow band. A similar behaviour is noticed even with smaller
bandwidths when FRBs are detected at the edge of the band, and it is apparent that it is
intrinsic and not influenced by sensitivity issues with the bandpass. An extreme example
of this (which will also represent an observational challenge for the new instruments in
the coming years) is the detection of a repeat burst from FRB 20190711A with the ultra
wide-band low (UWL) receiver at the Parkes telescope [67]: while the UWL bandwidth
spans the 0.7-4.0 GHz range, emission from this source was only observed over a band of
65 MHz (see Figure 3). Interestingly, band-limited flux knots have recently been observed
also in the Crab pulsar twin, PSR J0540-6919, in its giant pulse emission [68].

It seems that a pattern is emerging whereby FRB emission in repeating sources (it is
still difficult to make the case for one-off events) only comes in specific “spectral islands”. In
the case of the periodic repeaters FRB20121102A and FRB20180916B adjacent “islands” are
active at different phases of the active cycle, going downwards in frequency with time (see
Section 10). It will be interesting to understand whether this is also a common behaviour.
One promising source in this respect is repeater FRB20201124A. An extremely active phase
was observed for this FRB mainly at CHIME'’s bands and L-bands between March and May
2021 [69-71]. These observations, despite the richness of bursts, have not shown evident
periodicities, nor did they highlight a clearly “chromatic” active window.



Universe 2022, 8,9

9 of 33

4000

3500

3000

2
O
S
S

Frequency (MHz)

2000

-30 -20 -10

1500

Frequency (MHz)

1000

5 0 50 100 150 200
Time (ms) Time (ms)

Figure 3. Figure 3 from [67] “Extremely band-limited repetition from a fast radio burst source”,
reproduced with permission from Pravir Kumar; published by MNRAS (RAS Publishing), 2021. The
left plot shows the full band of the UWL receiver at Parkes with the FRB barely distinguishable
from interference at frequencies below 1500 MHz. The right plot shows the profile, its band-limited
dynamic spectrum and the diagnostic plots of DM vs time and dispersed dynamic spectrum hinting
to the real FRB nature of the source.

3. Understanding the Nature of FRBs

The high brightness temperatures (T}, ~ 103437 K for standard FRB parameters [72])
and the duration of the bursts have soon led to the idea that FRB emission must be coherent,
meaning that the radiation by relativistic electrons is enhanced with respect to the total
emission that would be observed if electrons radiated independently. The observed power,
for extragalactic sources, suggests a compact object must be responsible for FRB emission. It
is not clear, as yet, whether one, two (or more?) classes of FRBs exist. Some FRBs have never
showed repetition despite extensive searches (see e.g., [9,73]). At least one case exists, how-
ever, where one single burst was observed by ASKAP [73], and two more were identified
after extensive coverage (80h) by GBT [74] which were 500 times weaker than the original
burst. In addition, as already pointed out, contrary to the rates observed at higher frequen-
cies, the very active FRB20121102A has only been seen once by CHIME. These findings
show that different telescopes (/bands) can be better suited for the observations of different
FRBs, but also that many hours of follow-up from sensitive telescopes would be needed to
answer the question, unless a clear answer is provided by alternative measurements, i.e.,
the detection of an association between an FRB and a cataclysmic event. In the following,
we will mostly focus on mechanisms that can reproduce multiple bursts. With the detection
of repeated bursts, models flourished and, until recently, more models than FRBs could
be counted [13]. The rapid growth of detections changed this proportion and made many
models converge to a general consensus whereby magnetars are the origin of repeater FRBs.
Strong magnetic fields and acceleration of relativistic particles can be responsible for bright
coherent emission. The detection of a possible FRB from SGR 193542154 has provided a
direct connection between FRBs and magnetars, even though this connection still lacks the
substantiative evidence of an extragalactic event (see Section 1).
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Magnetars, as we see them in our galaxy, are seemingly isolated neutron stars whose
emission can be explained by invoking magnetic fields of exceptional intensity and complex
morphology, at least in some components of their structure. Although magnetars are
relatively rare amongst neutron stars in the Milky Way, the fact that they were discovered
(and are usually observed) in transitory phases of increased activity intensity (outbursts)
makes their real number likely much higher. We currently know of little more than a handful
of galactic magnetars emitting in the radio band (see e.g., [75,76]). The radio emission in
magnetars is temporary in nature. It is activated during an X-ray outburst and, in some cases,
it outlives the X-ray flux enhancement. During the active radio window, pulsed emission
is observed but, in contrast to one of the distinctive features of ordinary rotation-powered
pulsars, the pulse shape of a magnetar is not stable. Magnetars have been observed in radio
frequencies up to very high frequencies (290 GHz, [77]), showing a much harder spectrum
than pulsars: S o v~02 or flatter, with S representing the magnetar’s flux density.

The mechanisms through which magnetars could be powering FRBs can be divided
into two broad classes of models (see Figure 4). One class advocates magnetospheric
emission from magnetars (pulsar-like models) [78-80]. One way to generate bursts within
the magnetosphere is to have a magnetic pulse from the inner magnetosphere travelling
towards the outer magnetosphere and triggering magnetic reconnection [81]. This in turn
generates high-frequency fast magnetosonic waves that eventually escape as electromagnetic
waves. An alternative way to produce them is coherent curvature radiation by bunches
of charged particles [82,83]. The particles would have to be contained in a region of a
wavelength size and accelerated synchronously in such a way that their electric fields
add up in phase. One critical requirement for this model is that there should be a strong
electric field parallel to the magnetic field in the emitting region. As the bunches stream
out along the open field line region, the characteristic frequency of curvature radiation
normally drops. If our line of sight sweeps the discrete “spark-like” bunches in adjacent
field lines, softer emission is observed at later times. This provides a possible interpretation
to downward-drifting subpulses. A sort of radius-to-frequency mapping resembling what
is seen in drifting subpulses, typical of pulsar emission (see, e.g., [84]), can finally be
achieved also in the so-called low-twist models [85] where pair cascades are created by
dislocations and oscillations of the magnetic field at the neutron star surface, provided that
the background charge density is sufficiently low.
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Figure 4. Left panel: Figure 2 (left panel) from [78] “A unified picture of Galactic and cosmological fast
radio bursts”, reproduced with permission from Wenbin Lu, published by MNRAs (RAS Publishing),
2020. Right panel: Figure 1 from [86] “Fast radio bursts as synchrotron maser emission from
decelerating relativistic blast waves”, reproduced with permission from Brian Metzger, published
by MNRAS (RAS Publishing), 2019. A comparison of the two most general scenarios for magnetar
models: (a) pulsar-like or magnetospheric models; (b) GRB-like or external models. See text for details.
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Another class of models invokes synchrotron maser as the mechanism responsible for
FRBs (GRB-like models )[87-89]. These models require either internal or external shocks,
which are expected to arise from relativistic flares that may be ejected during magnetar
outbursts. Some common requirements of all synchrotron maser models are that the
Lorentz factor should be greater than 1 and that the magnetic field must be relatively low to
produce the observed ~ GHz radio emission. In one scenario [86] the emission comes from
the interaction of the new burst with the surrounding medium which has been ionised and
partly magnetised by previous bursting activity, and it can therefore be activated, in cycles,
and with different fluence levels, depending on the history of the interactions. As the shock
from one burst propagates in the medium, the maser frequency decreases with time, as the
plasma density progressively decreases with increasing radius. Sub-bursts, especially very
short duration ones [51,52,54], are not predicted by this model and would actually be hard
to reconcile with it. However, the frequency down-drifting observed in some FRBs also
from bursts that are separated by some time (e.g., the behaviour of periodic repeaters) can
be explained by this framework. In an alternative scenario, the burst is produced, with a
much higher efficiency, when the ultra-relativistic flare ejecta collides with the pulsar wind
nebula [87].

A discrimination amongst the two macro-classes of magnetar models and then their
sub-classes will probably be made possible by more accurate localisation, which can help
pinpoint the region surrounding the FRB or, more broadly, as in the case of FRB 20200120E
localised within a globular cluster in the nearby galaxy M81 [35,90], can help us probe the
formation channels of FRB progenitors. On the other hand, a complementary way through
which we can characterise the environment surrounding the FRB engine is with the help of
low-frequency observations in the radio range.

4. The Role of the Local Environment

FRB20121102A was found in a star-forming region of a dwarf galaxy [91,92], and a
persistent source was spotted by the VLBI observations [62], coincident with its position,
extending for <0.7 pc, with flux density S = 180 pJy. The likely presence of a nebula
surrounding the central engine of FRB20121102A was corroborated by the evidence in
favour of a high magneto-ionic environment in the vicinity of the source [54]. Polarisation
measurements, and, in particular, the high value and large variations of its rotation measure,
seemed to imply that FRB20121102A is located in a dense environment. An interacting
nebula well fits the picture of a newly-born magnetar emitting its first cries. The presence
of the nebula could also easily explain why the activity of FRB20121102A seemed to be
conspicuous at high frequencies and to be lacking at low ones. Ref. [86] predicted that,
indeed, the duty cycle of lower frequency bursts had to be smaller and that emission at
those frequencies might not be visible in the first years after the birth of the magnetar
because the surrounding medium would be opaque to radiation below 1 GHz.

Ref. [93] analysed in more detail the impact of a dense surrounding medium on
the radio emission of FRBs at different frequencies. If a cutoff frequency could be de-
termined, the properties of the immediate progenitor environments of FRBs could be
constrained and, in turn, also of the progenitors themselves. The presence of such a
cutoff would also influence fluence and redshift distributions of FRBs at different fre-
quencies. They considered propagation effects that can suppress the observed emission
from FRBs at frequencies lower than a turnover frequency vy,,x making no assumptions
about the intrinsic FRB emission mechanism. Plasma absorption can suppress emissions at
v < vp ~ 90MHz, where v, is the plasma frequency, and it is dependent on the electron
density so that it can change for relativistic electrons. The Razin-Tsytovich effect widens the
emission cone of relativistic beaming from individual electrons, and it should affect frequen-
cies lower than ~3 GHz depending also on electron density and the magnetic field of the
emission region. This effect, however, can only provide a lower limit to the characteristic
frequency. Stimulated Raman scattering affects beamed emission from sources with high
brightness temperatures at frequencies v < 130 MHz, depending on electron density and
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temperature. In the presence of higher photon and electron densities, induced Compton
scattering (ICS) would make radio photons lose significant energies to thermal electrons.
The spectral changes induced by ICS affects all frequencies for sources with sufficiently
high brightness temperatures. The presence of induced Compton scattering would place
strong constraints on the electron density in the immediate environment surrounding the
source. Finally, free-free absorption of the radiation is expected from a thermal plasma
surrounding the source, and it would suppress frequencies v < 300 MHz depending on
electron temperature and emission measurements of the plasma.

The abrupt cutoff at 400 MHz, according to the initial observational evidence, could
be explained by absorption. It was possible, however, that multiple mechanisms concurred
to define critical frequencies and influence the spectrum of FRBs. Different mechanisms
at play would lead to different limiting frequencies, and an interplay of them could result
in different cutoff frequencies. Plasma lensing [94], for example, could be a cause for
the enhancement of emissions on one side of the spectrum and suppression on the other,
which could strongly influence the spectral measurements. One prediction of the described
scenarios was the detection of events at higher redshift for low-frequency observations, as
these would be probing the population below v;,.;x and would be sampling a flat fluence
distribution.

5. Low-Frequency Studies

Until 2013, FRBs had only been discovered in archival surveys, and it was only in 2014
that real time detections started and could be complemented by rapid multi-wavelength
follow-up. All FRBs discovered prior to 2015 were observed at 1.4 GHz using single dish
antennas with relatively poor angular resolution. This implied that the observing telescope
alone did not have the capability to perform localisation, albeit with little accuracy, and,
consequently, even follow-up was a huge effort with little chances of success. The first
detection below 1.4 GHz came from the archival data of the Green Bank Hydrogen Mapping
Survey [95] between 700 and 900 MHz. The survey had a time resolution of 1.024 ms and a
frequency resolution of 49 kHz, allowing for good sensitivity out to DM ~ 2000 pccm 3.
FRB 110523 was identified as a real astrophysical source out of ~ 6500 candidates at
DM = 623 pccm~3. Based on experience with pulsars, scattering was expected, and it was
indeed observed at these frequencies, with a time constant ;. = 1.66 ms at 800 MHz. The
presence of scintillation, along with scattering, implied strong scattering near the source
which, in turn, hinted to the fact that the screen must be close to the emitting source. The
observed scattering was too strong to be caused by the disk of the host galaxy and should
therefore be attributed to either a strongly-scattering compact nebula or to the dense inner
regions of the host galaxy. Based on this single detection out of 660 h of archival data,
ref. [96] concluded that steep, non-Euclidean, distributions for the N(> F) o< F~7 relation
with ¢ > 2.2 could be excluded at the 95% confidence level. They further determined
a detection rate for GBT observations similar to those of this survey in ~0-~ 5 events
per survey. Based on this rate, they also attempted estimates for future surveys at similar
frequencies, with the caveat that an interplay of different factors influences this estimate,
i.e., the underlying FRB fluence and scattering distributions to be combined with a survey’s
thermal sensitivity, fluence completeness, and observing frequency.

How to Look for FRBs at Low Frequencies

The details of how FRB observations are generally performed can be found in various
references (see, e.g., [97]). Here we will discuss the specific aspects of and challenges to
low-frequency observations. FRB observations require a good compromise between time
and frequency resolution. With widths of some milliseconds, the optimal time resolution
has to be of an order or lower than ~ms. The frequency resolution, on the other hand, will
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constrain the maximum DM that one is sensitive to. The time delay caused by DM has a
quadratic dependence on the inverse of the observing frequency:

DM
Here, D = ¢?/2mm,c ~ 4.15 x 10> MHz? pc~! cm3ss is the so-called dispersion con-
stant (see [98] and discussion in [99]), and it depends on physical constants. It follows that
the delay across a single channel can be relevant at low frequencies when compared to the
corresponding time at an infinite frequency:

tpm ~ 8.3 x 10°ms x DM X Av X v™3, (3)

where Av is the width of the channel and v is the observing frequency. For this reason, a
fine channelisation is required, taking into account the residual intra-channel smearing that
could wrap the signal within the channel and prevent detection.

The time delay caused by DM smearing across the full band of the observation is
corrected for by using a well-known technique from pulsar astronomy which was also
fundamental for the dawn of FRB studies. This technique, called dedispersion, ensures that
appropriate time delays are applied to each channel as a function of the DM of the source,
so that the received signals arrive at the output of each channel at the same time. If the DM
is not known a priori, it is necessary to create different time series, each with the correction
corresponding to a specific DM, and then search for burst, i.e., using matched-filtering
techniques [47]. Ref. [47] paved the way for such studies, and they provided a framework
to determine the parameters to be used for this blind search in order to obtain an acceptable
signal loss as a function of the DM step size, the centre frequency and bandwidth of the
observations and the width of a Gaussian pulse W,;. From their Equations (12) and (13):

S(6DM T,
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The technique described so far is also currently referred to as incoherent dedispersion, in
contrast with coherent dedispersion [100]. Coherent dedispersion acts on the complex raw
data incoming from the telescope, and it recovers the intrinsic phase of the signal at the
source by applying an appropriate transfer function of the interstellar medium. Coherent
dedispersion has proven to be fundamental for the recovery of ms-long signals at low
frequencies, as it can intrinsically compensate for the intra-channel smearing. However, this
task requires that the complex voltages are recorded in a baseband format and temporarily
stored. It is now a task that can be done routinely on software using GPUs, but it is
computationally demanding and is thus mainly performed when the DM of the source
is known a priori. A hybrid search approach has been proposed by some authors [101],
whereby a number of coarse steps of coherent dedispersion are interlaced with a finer grid
of incoherent dedispersions in between. This method will be particularly useful when
following up repeating sources of FRBs with known DMs.

6. Low-Frequency Surveys—Single Dishes
6.1. GBT
6.1.1. Drift Scan Survey

At 350 MHz, a significant fraction of the transient sky (10,000 deg?) was covered in
2007 by the GBT drift-scan survey [102,103], with a total of 1491 h of observations, an
instantaneous field of view of about 0.3 deg? and a 10 — ¢ sensitivity for pulses of width
3 ms of about 35 mJy. At this frequency, an FRB was expected to have a peak flux well
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in excess of this threshold even out to z > 1. Ref. [39] predicted that scattering at these
frequencies should be below 10 ms for a DM of a few hundred pccm 3. For a limiting
DM of 500 pccm 3, assuming that 20% of this DM can be attributed to our galaxy and the
FRB host, they inferred a redshift limit z < 0.33 for this survey (following the approximate
intergalactic medium scaling law DM ~ 1200z pccm ™~ from [17,18]). One FRB of order
was expected for the entire survey. None were found.

6.1.2. GBNCC

In 2009, a more systematic survey of the sky accessible to GBT started observations
which shall be completed in 2021. The Green Bank North Celestial Cap survey (GB-
NCC, [104]) was devised for the discovery of pulsars also through single pulses, and it
targeted the full sky observable from the GBT at 350 MHz. The data spanned 100 MHz of
bandwidth split into 4096 frequency channels. Each pointing on the sky observed for 120 s
and sampled with a 81.92-us time resolution. At the beginning, the data were searched to a
maximum DM of 500pc cm 2 but, following the discovery of FRBs, the maximum DM for
the search was increased to 3000 pc cm 3. Ref. [105] presented an analysis of all pointings
up to May 2016. For those dedispersed to 500 pc cm ™~ the data were analysed in search for
FRBs only when the predictions by NE2001 towards that direction in the galaxy did not
exceed 100 pc cm 3. The minimum detectable fluence for the GBNCC survey assuming no
scattering and a mean DM of 756 pc cm ~3was 3.15 Jy ms.

This first pass at the GBNCC survey, totalling an on-sky time of 61 days (at
DM,yqx = 3000 pc cm~3) plus 23 days (at DM;;4x = 500 pc cm™3), yielded no detections.
Scattering was investigated as a possible cause for the non-detections at these frequencies,
as it was difficult to match them with the predicted rate from the Parkes surveys [106-108]
if the mean of the scattering time distribution was set to be the observed 6.7 ms at 1 GHz.
According to the NE2001 model, the directions sampled by the GBNCC were not affected
by significant galactic scattering, with the ISM accounting for, at most, a 10 ms scattering
towards most pointings. The contribution of the IGM could also be excluded as a cause for
significant scattering both in relation to the detection of FRB 110523 at 800 MHz from [95]
and from the predictions of [109], who pointed out that the low densities of the IGM make
it unlikely as the location of a scattering screen. On the other hand, the area surrounding
the FRB, if dense enough, could produce all the scattering needed to render 350 MHz
observations by the GBNCC unsuccessful. This could either be the result of a dense nebula
or a supernova around the source or its location near the galactic center. Alternatively to
external factors, the non-detections could be attributable to the intrinsic spectral properties
of FRBs. The survey yielded a limit on the spectral index for the FRB distribution « > 0.35.
The constraint depends on the cosmological distribution of the sources, and it was obtained
with the caveat that the —N — F has a Euclidean standard distribution of 3/2. Further
constraints obtained from the scattering simulations [105] obtained a limit on the spectral
index @ > —0.3, valid only in the absence of free-free absorption (see Section 4). The upper
limit on the event rate of FRBs obtained from this survey was Rrgp < 3620 sky ! day~! for
a flux limit of 0.63 Jy.

6.1.3. First GBNCC Detection

The first detection of an FRB from the GBNCC came only much later [110] with the
detection of FRB 20200125A. This was the first blind discovery of an FRB below 400 MHz.
The burst had a DM = 174 pc well in excess of the galactic contribution in this sky direction.
No scatter broadening was noticeable in the profile even though the low S/N of the pulse
could be affecting the measurement. The survey completed 90% of the full sky coverage
above GBT in July 2020. The detection of one event in 45.5 days of total on-sky time yielded
an update in the FRB rate computed by [105]: Rprp < 5500sky ! day~! above a flux
density of 0.39 Jy for a 5 ms burst. The two limits are compatible at the 95% level, with the
last one being slightly higher, possibly due to the improved survey sensitivity in terms of
search algorithms. This rate was also consistent with the previous 330 MHz limits obtained
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by [24,111] (see following Sections). The authors cautioned, however, that this rate might
be underestimated because the sensitivity to narrow-band bursts, such as those coming
from repeaters, would be diluted in band-averaged searches.

6.2. Arecibo

Similarly to the GBT drift scan survey, the Arecibo telescope started a drift scan survey
at 327 MHz for pulsars and transients after the commissioning of their new low-frequency
receiver during a maintenance period in 2010, which was later converted into a full proposal
with an observing time of 400 h per year. A comprehensive analysis of the data up to 52%
of Phase 1 (declinations from —1 deg to 28 deg) was presented by [111]. Data were searched
up to DM = 1000 pc cm 3 with no detections of FRBs.

6.3. Lovell

In 2016, the Lovell telescope underwent a maintenance period, during which ob-
servations were performed in the parked position and dedicated to a drift scan survey
at 332 MHz for a cumulative time on sky of 58 days [24]. The observations were per-
formed using 0.5 MHz frequency channels and a time resolution of 256 us. Dedispersion
was performed up to 1000 pc cm 2. The observation band was clouded by severe radio
frequency interference (RFI), which resulted in the impressive number of ~1000 single
pulse candidates in every 5 minutes of observations. The use of clustering and grouping
algorithms in the search pipeline based on heimdall [112] and then of machine learning
classifiers from the FETCH software package [113] reduced visual inspection to a total of
675 candidates in ~1400 h of observations. None of these candidates were confirmed as
real FRBs. The survey covered 0.61 deg? of sky at any instance in time, as calculated from
the primary beam, and its limiting sensitivity was estimated to be 45.9 Jy ms. This made
non-detections by this survey constrained in terms of an upper limit to the rate of FRB
events at 332 MHz. Similarly to what was estimated by [105] for the GBNCC survey, the
expected rate was, in this case, Rprp < 5500 sky ! day~!, assuming a uniform distribution
of FRBs in a Euclidean universe.

7. Low-Frequency Surveys—Arrays

All-sky detectors were the first exploited radio telescopes. In time, however, they
have progressively been abandoned in favour of larger and larger single dishes. The last
decade has witnessed a revitalised input for smaller dishes or even much simpler designs
(i.e., dipoles) combined into aperture arrays or transit telescopes. This was partly due to the
hardware costs being more contained and because we have reached the limit of how much
bigger dishes can be, but also to pave the way to the future Square Kilometer Array (SKA)
era by understanding how to deal with a vast amount of signals and an unprecedented
data flow. The complexity and the cost of these arrays of small elements rely more on the
software side in terms of development, data handling and supercomputing resources.

An efficient survey would ideally combine high sensitivity, a large total field-of-view
(FoV) and a high angular resolution per FoV element. By detecting FRBs with a low-
frequency radio interferometer and at the same time being able to retrieve short snapshot
image data, FRB positions can be constrained to high accuracy (<1 arcmin), enabling host
galaxy associations and deep constraints on multi-wavelength counterparts. Based on the
specifics of the surveys performed at 350 MHz, [39] predicted a detection rate above 30 Jy
with DM < 500 pccm 3, for 150 MHz surveys with large fields of view of ~1 event per
day per 30 deg?. Indeed, simulations of how the constraints obtained from the previously
listed non-detections fit with those from surveys at low frequencies gave consistent results
(see Figure 5).
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Figure 5. Figure 7 from [114] “The FRATS project: real-time searches for fast radio bursts and other
fast transients with LOFAR at 135 MHz”, Credit: S. ter Veen, A&A, vol 621, page 57, 2019, reproduced
with permission © ESO. reproduced with permission from. It summarises the limits on FRB event
rates (Rprp) versus fluence, normalised to a pulse width of 8 ms. They were obtained at different low
frequencies from either the detections (symbols with error bars) or non-detections (other symbols),
described in these sections in the era before CHIME. The color coding represents different frequency
bands: green for ~800 MHz; red for ~350 MHz; blue for <200 MHz plus the limits obtained by the
FRATS survey given by the shaded grey region. The red dashed line represents v = —1 for the FRB
distribution, while the green dotted line represents a Euclidean distribution with v = —3/2.

7.1. LOFAR

The era of aperture arrays looking for FRBs started with the first sky survey performed
by the LOw Frequency ARray (LOFAR) [115]. LOFAR is a radio interferometric array that
operates at very low frequencies (10-240 MHz). Each LOFAR station is composed of two
sets of antennas: the low-band antennas (LBA) operating between 10 and 90 MHz, and
the high-band antennas (HBA) operating between 110 and 250 MHz. Currently, LOFAR
is composed of 24 core stations and 14 remote stations in the Netherlands, as well as
13 international stations. LOFAR’s beamformed modes [116] can provide an extremely
wide FoV, >10deg?, as well as the ability to constrain positions to a few arcminutes.

7.1.1. LPPS and LOTAS

During the 20082012 commissioning of LOFAR, two pilot pulsar surveys looked
for pulsars and fast transients [117]. The LOFAR Pilot Pulsar Survey (LPPS) employed
incoherent beam-forming, providing lower raw sensitivity, with signal-to-noise ratios
(S/N) increasing only according to the square root of the number of stations being added
but, on the other hand, encompassing a large FoV which would favour observations of
bright, rare events. The second survey, the LOFAR Tied-Array Survey (LOTAS), employed
coherent (tied-array) beamforming using only the innermost six stations of the LOFAR
core. Coherent beamforming offered maximum instantaneous sensitivity, scaling linearly
with the number of stations summed, while allowing only for limited FoV, which made
this survey less constraining for FRB searches. LPPS single-pulse data were searched at
DMs between 2 and 3000 pccm~3down to a limiting S/N of 10, and no candidate FRBs
were found. The sky rate of FRBs derived from LPPS non-detection, based on its limiting
sensitivity and time resolution (0.66 ms), was Rrrp < 150 sky’1 day’1 above a fluence
F > 107]Jy ms. This limit increases by a factor v/1.1251, where 7 is the number of bins over
which the burst might be smeared due to dispersion at high redshifts. The corresponding
upper limit on the volumetric rate was calculated as ®rrp < 2.5 x 10° Gpc 2 yr ! assuming
a spectral index & = —2.
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7.1.2. Rawlings Array

In the following years, many dedicated surveys were put together to detect FRBs in
real time. It was one of LOFAR's single stations, i.e., the Rawlings Array in the UK, which
was the first to publish a specific low-frequency survey dedicated to FRB detection [118].
The project aimed at the real-time detection of fast transients and, in order to do so, it ex-
ploited the Advanced Radio Transient Event Monitor and Identification System (ARTEMIS)
backend. ARTEMIS put together the hardware and software required to continuously
monitor the large LOFAR FoV and detect FRBs in real time by applying HPC techniques.
In total, ~1500 h of data were acquired by the Rawlings Array and mirrored, for the most
part, by the companion LOFAR international station of Nancay in France (FR606) for coin-
cidencing and better handling of radio frequency interference (RFI). Data were searched
up to a DM = 320 pccm 3. Following [17,18,39], the maximum redshift corresponding
to this limit was 0.17, with an average of 0.13, with large associated uncertainties. No
FRB was detected, and this set another upper limit on the sky rate of FRBs at 145 MHz,
with Rprp = 29sky ! day ! above a fluence F > 310]Jy ms for a time resolution of 5 ms.
The detection limits and volume sampled by the survey were based on the assumption
that the FRBs are standard candles with broadband emission. Spectral index constraints
may therefore have a stronger influence than the sampled DM space in this case. The
non-detections implied a lower limit on the spectral index of FRBs of & > 0.1f8§. In this
framework, the limiting surveyed volume (3.3 x 10" Mpc?) and the time resolution of the
survey made an expectancy of detections for this survey of ~ 1 FRB. The deduced spectral
properties, at odds with those of pulsars having a steep (negative) spectral index, pointed
towards either an intrinsically more narrow-band emission process, or one characterised
by a frequency-dependent emission geometry.

7.1.3. FRATS

The Fast RAdio Transient Search (FRATS, [114]) project was developed for LOFAR
with the aim to detect and localise FRBs and possibly other transients. FRATS used real-
time triggering algorithms to save beamformed data relative to possible bursts and then
perform offline imaging on those data. FRATS was sensitive to bursts 2-128 ms wide, with
a limiting sensitivity to fluences of F = 1kJy ms. Three surveys were performed starting in
2013, running commensally with other observing projects at LOFAR. The first two surveys
observed between 119 and 151 MHz for a total on-sky time of 68 and 99 h, respectively. DMs
up to 120 pc cm 3 were searched in the first survey and up to 500 pc cm 2 in the second.
The third survey, started in 2014, exploited the imaging domain on timescales from seconds
to minutes, and it was mainly used to validate the interferometric mode capabilities of
FRATS during commensal observations. No FRBs were detected by these pilot surveys.
The first one yielded an upper limit on the FRB sky rate Rrgp < 1500sky ! day ! above a
fluence F > 1.6k]Jy ms for an 8-ms burst (taking into account possible scattering effects).
The second one yielded an upper limit on the FRB sky rate Rprp < 1400sky ! day ! above
a fluence F > 6.0k]Jy ms for an 8-ms burst. The corresponding upper limit on the volumetric
rate was calculated as ®rrp < 134 x 10° Gpc*3 dayfl, assuming an Euclidean Universe
and a spectral index « = —1.1. FRATS’ pilot surveys had a limiting sensitivity which did
not allow a substantial improvement over previous LOFAR rates, but they demonstrated
the capability of the system to perform beamforming plus imaging searches, to be extended
to the full array.

7.2. MIWA

The Murchinson Wide-Field Array (MWA) [119] is a low-frequency radio interferome-
ter located at the CSIRO Murchison Radioastronomy Observatory in Western Australia.
128 tiles form the array, which extends over an area of 3 km diameter. MWA can observe
between 80 and 300 MHz, with 30 MHz of processed bandwidth for both linear polarisa-
tions. Additionally, in the case of MWA, like for LOFAR, different types of searches can be
performed, with a trade-off in processing between coherent searches (maintaining the high
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data rate, sensitivity, and angular resolution at the expense of computational complexity)
and incoherent searches (less sensitive, lower data rates, and worse angular resolution, but
greatly reduced computing complexity).

Two companion surveys [120,121] were performed soon after the first LOFAR surveys,
using MWA. The two pilot surveys on FRBs both used the same dataset targeting one
specific field, which was originally acquired for an epoch of reonisation observations.
They used complementary analysis strategies, which not only allowed them to search the
dataset more thoroughly but which would also, in case of detection, provide independent
confirmation. In [120], 10.5h were analysed in standard imaging mode with high time
resolution. The observations had 2-s integration times and 40 kHz frequency resolution with
dual polarisation correlation. Images of the full MWA FoV were generated at arcminute
angular resolution. Dedispersion was then applied to the dynamic spectrum produced from
each resolution element in the images. The temporal resolution of this survey was likely
not optimal for FRB searches, but it was smaller than the DM delay at these frequencies
across the full band for the maximum searched DM = 700pc cm 3. Ref. [120] privileged
sensitivity by sacrificing the surveyed area: the predictions from [122] applied to the
observational parameters relevant to this survey were that MWA may be able to detect
between 0 and 10 FRBs per 10 h of observation, depending on the spectral index of the
FRB emission: ~9.3 for &« = —2, ~1.6 for « = —1, and ~0.2 for « = 0. These predictions
were also based on the standard candle luminosity model of [39]. Given the non-detection
of any FRB emission and their survey sensitivity to a limiting fluence of 700 Jy ms at 150
MHz, they concluded that « = —2 could be rejected with high confidence (>99%) and
« = —1 could be rejected with moderate confidence (>79%). A limit on the spectral index
was then derived as « > —1.2. The corresponding upper limit on the FRB rate for « = 0
was Rprp < 700 sky’1 day’1 above a fluence F > 700 Jy ms, which was in agreement with
previous results and compatible with the Euclidean distribution of FRBs, N(>F) « F~3/2,

Ref. [121], on the other hand, sacrificed sensitivity to increase the amount of surveyed
area. They analysed 78 h of imaging data of the same field using 2 min integration times
divided over 4~30s snapshots. The resulting FoV was 452 deg?. One potential candidate
stood out in the analysis, and it was verified both against different pipelines and also using
the method from [120]. This last comparison highlighted a faint candidate in the images,
but no candidates in the dedispersed time series, implying that the candidate was not likely
related to an FRB, as was later confirmed. The non-detection of FRBs in this survey placed a
limit of Rpgp < 82sky ! day ! at 182 MHz, above a fluence of F > 7980 ]y ms, assuming a
flat spectral index and a constant distribution of FRBs. Given that this survey was aimed at
a direction well away from the galactic plane, the sum of the galactic plus host distribution
was estimated as ~100 pc cm 3 based on the NE2001 model and the calculations of [118].
This implied, for the maximum searched DM = 700 pc cm~3, a limiting redshift z ~ 0.5.

7.3. Large Phased Array

We note that detection of 9 plus 51 bursts at 111 MHz using the Large Phased Array of
the Pushchino Radio Astronomy Observatory has been claimed by [123,124]. However, the
observational setup of their system (a coarse frequency resolution of 78 kHz over a tiny
observation bandwidth of 2.5 MHz, and a sampling time not faster than 12.5 ms) required
the use of a template matching approach in order to see the bursts. Although the authors
do their best to support the validity of this methodology, its use is very limited so far
in the context of FRB searches, and the statistics of the false-positive are not completely
assessed. Moreover, the claimed detection is very hard to reconcile with the stringent limits
imposed by all other non-detections at similar frequencies, just described, derived by using
well-consolidated procedures.

8. Low-Frequency Surveys-Transit Telescopes

With large FoVs in mind and the need for a long time on sky, the late 2010s saw in the
transit telescopes the answers to the needs of FRB science.
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8.1. UTMOST

The first low-frequency interferometer to have FRBs as its primary science goal was
the Molonglo Observatory Synthesis Telescope (MOST). The 50-year-old instrument in
Australia was refurbished in 2015 with a digital backend system and increased bandwidth
to transform it into a burst finding machine [125,126]. Two fully steerable East-West (E-W)-
aligned cylindrical paraboloid reflectors cover a collecting area of 18,000 m?. The telescope
operates at 843 MHz with a 30-MHz bandwidth. A relatively small investment in hardware
and a more consistent investment in software upgrades made the UTMOST a sensitive
instrument for FRB searches, with 128 frequency channels over the 30-MHz bandwidth
and a time resolution of ~ 655 us. The selection of the sources and of the duration of the
observation was also deferred to software based on predefined rules and real-time feedback
from the data. Two surveys were performed during the commissioning of the system while
the telescope was still running at a low fraction of the final sensitivity [125]. With the first
one operating only over 16 MHz and the second with the upgrade to the full 31.25-MHz
bandwidth, an average band of 16 MHz was conservatively considered for the cumulative
results. The two surveys searched for FRBs up to DM = 2000 pc and excluded all candidates
at DM < 100 pc. The first survey was more a validation of the system, with the sensitivity as
low as 7% of the final design one. No FRBs were detected in 467 h of observations, implying
a 20 upper limit Rpgp < 1000sky ! day ! at 843 MHz above a fluence F > 23]y ms. The
second survey reached 14% of the design sensitivity, and further upgrades made it more
sensitive by a factor of 2 than the first survey. No FRBs were detected down to fluence
limits of 11 Jy ms after spending 225h on sky, which yielded the same 20 upper limit on
the FRB rate, but this time at a lower fluence threshold. Both calculations were done on the
assumption of a flat spectral index and a Euclidean distribution of the bursts. A comparison
with Parkes’ detections set a limit on the spectral index & > —3.2.

UTMOST Detections

A third survey, carried out from February to November 2016, covered an effective time
span of 159 days and yielded the detection of three FRBs [127]. This was the first detection
of FRBs using interferometers, and was achieved while the system was at only about 15%
of its theoretical sensitivity: for the fully upgraded instrument, S,,;;, = 1.6 Jy ms for a 100
pulse. The event rate at 800 MHz derived from these detections was Rrrp = 78 sky’l day’l
above a fluence F > 11 ]y ms.

Yet another survey was performed between June 2017 and December 2018, reaching an
on-sky time of 344 days [128]. The sensitivity of the system was improved compared to previous
surveys both in hardware and in software: on one side by making the E-W arm not steerable
anymore, as that caused failures on a regular basis, and on the other hand by improving the real-
time detection and classification capabilities of the pipelines. Five new bursts were discovered
with this setup, enabling a look back to the raw data and the in-depth study of the time and
frequency structure. These detections yielded an improved event rate Rpgp = 98 sky ! day !
above a fluence F > 8 Jy ms. This rate was somewhat below the expectation from a scaling of
Rrrp as obtained by Parkes and ASKAP [73,129], assuming that the average spectral index for
FRBs is flat. These results would also not match the steep negative spectral index (¢« = —1.6)
predicted by [130], advocating for a turnover around 1 GHz.

8.2. Chime and the “Industrial Revolution”

The Canadian Hydrogen Intensity Mapping Experiment (CHIME, [15]) consists of
4 stationary 20-m wide and 100-m long cylindrical paraboloidal reflectors, aligned in the
North-South (N-S) direction. Originally designed to map baryon acoustic oscillations,
its large (>200 deg?2) FoV, large collecting area, wide radio bandwidth (400-800 MHz),
and powerful correlator (which provides 1024 independent beams within the telescope’s
primary beam) made it a potentially very interesting telescope for FRB searches. CHIME
was therefore equipped with an FRB backend, and a series of pipelines were realised in order
to take full advantage of the large instantaneous FoV of CHIME while maintaining the full
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sensitivity. The project undertook an unprecedented computational challenge to deal with
the coherent beamforming of 1024 beams, a time resolution of 1 ms, dedispersion performed
in real time and real time identification of candidates in the raw data in order to allow rapid
discarding of empty data and rapid validation of good data for further processing offline.

The effort paid off and CHIME soon became the top performing FRB machine. As
early as during its pre-commissioning, between July and August 2018, CHIME detected
13 bursts [131]. These were the first detections below 800 MHz. A total of 7 out of 13 bursts
were observed down to the lower edge of the band, and only some of them showed
visible scatter broadening. A possible DM-scattering correlation was seen in this sample,
as the bursts which showed more scattering were the ones with the highest DMs (up
to DM = 1007 pccm~3). Amongst the first 13 FRBs from CHIME, one was a repeating
source [55]. The difference in pace imposed by CHIME was soon clear: in about one year,
eight [56] and then nine [132] more repeaters were published. With CHIME'’s long dwelling
time on the sky and sensitivity (95% median completeness threshold at F = 5 Jy ms),
detection of repetition from a source was much more straightforward than using single
dishes, especially different ones with different sensitivities or even different bands. Indeed,
among these repeaters was the first for which periodicity was detected [21], FRB20180916B
(see Figure 6 showing the first eight repeaters detections). The publication of the first catalog
from CHIME [14], with data from the first year of operations, added 474 new non-repeaters
to this count, bringing CHIME’s FRB population to more than 492 FRBs discovered in 1 year,
i.e., an average of more than 1 per day. As of September 2021, CHIME/FRB has reported
two more repeaters’ discoveries: the first, FRB20200120E [35], which was soon localised
to a globular cluster within the nearby galaxy M81 [90]; the second, FRB20201124A [71],
which became very active in both the P and L bands during the spring of 2021, allowing for
extensive coverage in both radio and other frequencies.
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Figure 6. Figure 3 from [56] “CHIME/FRB Discovery of Eight New Repeating Fast Radio Burst
Sources” reproduced with permission from Emmanuel Fonseca, published by Ap]JL (IOP Publishing),
2019. Profiles, dynamic spectra and spectral distributions are shown for eight new repeaters discov-
ered by CHIME. The color coding separates bursts from different sources. FRB20180916B, in green,
was the first source in this work, showing its prolific activity compared to the other repeaters.
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First CHIME Catalog

The known FRB population in literature now stands at ~600 one-off events and
two dozen repeaters, thanks in large part to CHIME/FRB. Population studies have been
complicated by comparison among data from different facilities, each with their own
systematics and their own limiting survey parameters. The presence of a database with a
statistically relevant number of sources all coming from the same experiment and, therefore,
with uniform boundary conditions, is an exciting prospect for most of these studies. The
CHIME sample too, however, comes with caveats which should be taken into account
for further studies. The event reconstruction can be biased by properties of the burst, i.e.,
a strong scattering affecting the measurement of the intrinsic width of the burst; or by
instrumental effects, i.e., the time resolution limiting the same burst widths” measurement.
Selection effects strongly affect scattering or fluence completeness measurements, while
they are less impactful for other properties (e.g., DM).

The catalog itself already provided a number of key answers to long-term questions in
the FRB panorama. The sky distribution appears uniform for CHIME FRBs (also in [133]),
contrary to previous claims of a possible depletion of FRBs at mid-galactic latitudes [134].
A comparison between repeaters and one-off events was pursued, with the caveat that only
the discovery burst was taken into account for each repeater, as the following ones may
have been selected with lower detection thresholds. Repeating FRBs currently account
for ~4% of the known population, but many repeaters have only been seen twice. This
suggests that many currently one-off sources may be seen to produce a second (or third,
etc.) burst, given enough follow-up (as in [74]). The DM, S/N and (where unbiased)
fluence and flux distributions of repeater and one-off events do not appear to belong
to different distributions. Width distributions, on the other hand, do appear different
between repeaters and one-offs (also in [45]), with repeaters more regularly showing a
sub-burst structure. Bandwidth distributions also appear different, with repeaters typically
occupying a smaller fractional bandwidth. Scattering times are expected to be different if
the local medium plays a major contribution to it and if the hypothesis that the environment
surrounding repeaters and one-offs is different. However, no difference was found. Finally,
the correlation between the scattering time and the extragalactic DM contribution was
assessed, and it demonstrated that the two populations do not differ. The conclusions
reached in the Catalog from the overall comparison is that the local and global (host galaxy)
environments around repeaters and non repeaters do not point towards different origins of
the two species. Their instrinsic properties, however, do show significant variations, which
could point either to different emission mechanisms or to a pulse morphology correlating
with the repetition rate [135]. It is not uncommon, in astrophysical sources such as, e.g.,
neutron stars, to find a wide variety of observational behaviours, determined by age or
evolution but also intrinsic properties of the single source.

The first CHIME catalog confirmed the compatibility of the FRB fluence distribution
(v = —1.440.11 with a Euclidean universe with N(> F) « F~3/2. In this assumption, the
derived FRB rate was Rpgrp = 820 sky_1 clay_1 above a fluence F > 5]y ms. This rate was
validated for DM > 100 pc cm 3, because lower values are still believed to be compatible
with galactic sources and were excluded from the sample used for this calculation, and
for scattering times T < 10 ms at 600 MHz, as the sample of detected FRBs from CHIME
appears significantly depleted for scattering times above this value. Hence, a significant
population of highly scattered FRBs could still be undetected (see Figure 7). A comparison
of this rate with the ones predicted by the other detections at 350 MHz, 800 MHz and
1.4 GHz shows that they are consistent in the framework of a flat spectral index « = 0
and suggests that there is no need to invoke a spectral turnover below 1 GHz as hinted at
by the UTMOST detections [128]. A conversion of DM to redshift based on the Macquart
relation [19] showed that it is unlikely that CHIME’s FRB population can probe the high-
redshift end of the universe, implying that low-frequency observations are probably not
ideal for cosmology purposes.
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Figure 7. Figure 17 from [14] “The First CHIME/FRB Fast Radio Burst Catalog”, reproduced with
permission from Kiyoshi Masui, submitted to Ap]S. It shows scattering times before and after
correction for systematics adopted following the results of the injection process developed to control
biases of the survey. It is evident that a large fraction of highly scattered events might be missed by
CHIME for scattering >10 ms.

8.3. Northern Cross

The effort of transit telescopes in the quest for more on-sky time to look for FRBs has
recently been joined by the Northern Cross (NC), the oldest Italian radio telescope. The
North-South arm of the NC was recently refurbished for space debris activities, and the
64 cylinders are being modified in order to group the signals of sixteen dipoles together,
providing four analogue signals per cylinder. The final effective collecting area of the
NC at completion of the upgrade is 8000 deg?. Further hardware and software upgrades
made the instrument optimal for FRB studies [136]. The NC observes at 408 MHz, with
a bandwidth of 16 MHz. Observations are performed with native time resolution of 1 us
and 21 coarse channels, but the storage of the baseband data and a flexible post-processing
approach guarantees optimisation of the time and frequency resolution depending on the
searched parameter space. The NC is currently observing with 8 out of its 64 cylinders
and performing a targeted monitoring of known repeating FRBs and active magnetars in
transit. The targeted strategy allows for a longer dwelling time on sky per source than is
possible for survey instruments (i.e., from ~0.5 to ~3 h per source per day). This has led
to the first detections (from FRB20180916B), obtained with a configuration still using only
6 cylinders [137]. The final goal is to use the NC as a survey instrument. Ref. [136] predicts
the detection of one FRB every three days in the final configuration.

9. First Detections below 400 MHz

The detection of periodicity from FRB20180916B [21] was a milestone not only per se,
but also because it meant that more telescope time could be invested, more productively, in
FRB-pointed observations by sensitive instruments. Indeed, the first detection of bursts
at 350 MHz were obtained with the Green Bank Telescope (GBT) on 19 December 2019
and 20 January 2020 [64]. These dates had been chosen within the active window of
FRB20180916B and emission was detected, as expected, during some of the days of the cycle.
The Sardinia Radio Telescope (SRT) also pointed at FRB20180916B as soon as periodicity was
announced [21]. Observations were performed on 20-24 February 2020 and four bursts (the
fourth one was found in a later analysis and will be published elsewhere) were detected,
all happening during the very first hour of the 30-h long multiwavelength campaign on the
periodic repeater [63]. Soon afterwards, the upgraded Giant Meterwave Radio Telescope
(uGMRT) also detected bursts in the frequency interval from 500 to 300 MHz. The first four
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bursts were detected on 23 and 24 March 2020 [138]. They were all more luminous in the
upper part of the band, but emission was also always visible down to 300 MHz.

The characteristics of the bursts observed down to 300 MHz were similar in all cases.
GBT observed FRB20180916B in the period from 15 November 2019 to 20 January 2020.
Data spanned 100 MHz of bandwidth centered at 350 MHz, but the upper 20 MHz of the
band were unusable due to persistent RFI. Full-Stokes data were recorded for 512 frequency
channels at a cadence of 20.48 us. The seven bursts that were detected from GBT had DMs
consistent with the DM measured by CHIME (348.82 pccm ) in all but two cases. One
of the bursts detected was a double burst within the time span of 100 ms. The other burst
where drifting was observed was the only burst that was seen simultaneously by GBT and
CHIME in adjacent bandwidths (see Figure 8). A delay between the two signals was present
(after correcting for telescopes’ different paths), and this made it possible to calculate an
instantaneous drift rate 6v/6t = —4.2MHzms ™!, compatible with what was found in
previous cases for FRB20121102A [46,58]. The sample of GBT bursts, checked against the
activity phases of FRB20180916B, showed no monotonic variation in DM, fluence, burst
width, scattering timescale or emission frequency with phase or time. No scattering was
observed from any of the bursts, leading to a 95% confidence upper limit of 1.7 ms on the
scattering timescale of the source at 350 MHz. Despite there being no scattering detected at
350 MHz, no burst was detected in a simultaneous LOFAR campaign, which was active
when the bursts were detected by GBT. In the hypothesis that the properties of the detected
bursts could be directly applied to the emission at 150 MHz, a fluence detection limit of
21 Jy ms was derived for LOFAR in case of no pulse broadening. Conversely, if a scatter-
broadening upper limit of 50 ms is assumed (with a typical Kolmogorov spectrum with
dependence v—%), the 90% completeness of LOFAR observations becomes 106 Jy ms, but
this limit alone would not be enough to explain the non-detections.

SRT observed at a central frequency of 328 MHz, with a bandwidth of 80 MHz. Due
to RFI, only the lower 64 MHz of the band were used. Acquisitions were performed in
baseband mode, and the data were then coherently dedispersed to 349 MHz, channelised
to 250 kHz resolution and decimated to a time resolution of 128 us. Observations were
performed at different times of the day during five days spanning the active interval in
order to cover simultaneous observations with the NC (radio), the Telescopio Nazionale
Galileo (TNG) and Asiago (optical), XMM-Newton, NICER and Integral (X-rays) telescopes.
SRT detected the three bursts all within ~1h from the start of the campaign. The three
bursts spanned the full band, had widths around 10 ms and fluences ranging from 37 to
13 Jy ms, and had no detectable structure, which was also checked against DM optimisation.
Additionally, in the case of SRT, the bursts showed no detectable scattering: the 20 upper
limits 7;c < 10ms at 328 MHz are compatible with no (or a very low level of) scattering.
This result fits in nicely with the DM—1;. correlation reported by [131] in their Figure 2.
On the other hand, for 7 values approaching the upper limits reported by SRT, the burst
energy would be diluted over 0.8-1.0s at frequencies around 150 MHz, easily causing
the non-detection of similar bursts with LOFAR. SRT observations were simultaneously
carried out at 328 MHz and at 1.5 GHz. No burst was detected at 1.5 GHz during the
whole campaign. A deeper search was performed around the time of the 328-MHz bursts,
taking into account the delay due to dispersion, but no emissions were present down to
a sensitivity limit of 600 mJy ms. This non-detection at L-band set an upper limit on the
burst spectral index & < —1 for the brightest burst, assuming the nominal SRT sensitivity
at 1.5 GHz. A modulation due to plasma lenses [94] remained an open possibility, although
the lack of simultaneous detection at 1.5 GHz made it not obvious.
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Figure 8. Figure 2 from [64] “Detection of Repeating FRB 180916.J0158+65 Down to Frequencies of
300 MHz"” reproduced with permission from Pragya Chawla, published by Ap]JL (IOP Publishing),
2020. It shows profiles, dynamic spectra and on-pulse spectrum for FRB20180916B’s bursts detected
by GBT at 350 MHz. The inset shows the burst that was observed both in CHIME and GBT bands.

The 4 bursts detected by GMRT in its Band-3 (250-500 MHz) [138] were all simple
bursts with no structure and no scattering apparent. Their fluences ranged from 1 to 15 Jy
ms, and their widths were also consistently around 10 ms. It is worth noting that 12 more
bursts were observed later on the same day by another program running at the uGMRT
[139]. In the latter case, the uGMRT Band-4 receiver at 550-750 MHz was used to sample a
subset of the CHIME band. Significantly, most of the bursts are seen only in the lower part
of the band, but still at higher frequencies than previous observations on the same date.
Similar observations were also carried out on 9 March 2020 and 30 June 2020 with 0 and
3 detections, respectively, all near the peak of the active phase within the 16.35-d period.
The fluences of uUGMRT Band-4 bursts ranged from 48 to 0.1 Jy ms, placing the faintest
burst among the faintest ever observed. Some show double peaks or downward frequency
structures, which were investigated through DM optimisation.

The detection of emission from FRB20180916B down to 300 MHZz is consistent with
the non-detection of FRBs with several surveys in this frequency range (see Section 6) if
a less dense circumburst environment, low scattering timescale and the proximity of the
source all conspire to make its emission particularly detectable. As discussed in Section 4,
the presence of an overdensity in the form of a nebula or the expanding supernova from
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the aftermath of the birth of the neutron star could be responsible for the absorption of
radiation below 400 MHz. With this detection below 400 MHz, [64] calculated the optical
depth due to free-free absorption in the case of an ionized nebula witha DM < 70pccm 2
implied by the observations of [20]. In this context the extent of the nebula should be
L >> 0.02 pc, which excluded a young supernova remnant or a hyper-compact HII region.
All the datasets at 350 MHz confirmed that the emission from FRB20180916B was localised
within the activity interval defined by CHIME observations. In addition, the bursts appear
clustered at a certain time of the active phase for emission at a specific frequency interval.

10. Lowest Frequency Detections of FRBs
10.1. Targeted Non-Detections

Following the non-detections by the lowest frequencies surveys (see Section 7), some
more attempts were made on targeted sources. MWA was shadowing Parkes observations
when FRB 150814 was detected [140], but did not detect a counterpart. The resulting
30 fluence upper limit of 1050 Jy ms at 185 MHz implied a spectral index limit « > —3.
Ref. [141] ran an MWA campaign shadowing ASKAP observations at 1.4 GHz which
encompassed the detection of 7 FRBs with ASKAP. MWA's high band (170-200 MHz) was
used in order to reduce the effects of scatter broadening and RFI contamination. Data
were recorded with a frequency resolution of 10 kHz and time resolution 0.5s. Despite the
relatively high fluences of the bursts detected by ASKAP, not all shadowings were equally
successful, due to either observing limits on the MWA side (i.e., the sun in the sidelobes
of the primary beam) or to the bursts having high intrinsic DMs and, in some cases, a
noticeable scattering tail already present at ASKAP frequencies. No burst was detected
at MWA frequencies implying a stricter broadband spectral index upper limit of &« > —1.
Neither scatter broadening nor plasma lensing were considered as viable explanations for
the non-detections, while a spectral turnover (intrinsic to the progenitor and not related to
absorption from the environment) was favoured.

A multi-frequency campaign was also attempted by LOFAR by targeting FRB20121102A
for 20h in shadowing mode with the Effelsberg telescope observing at 1.4 GHz [142].
LOFAR HBA antennas were used with remote stations, plus one core station were used
in imaging mode while the remaining core stations were combined to obtain a tied-array
coherent beam. A time resolution of 1.31 ms was adopted and 25,600 frequency channels
were produced to cover 78 MHz of bandwidth centered at 150 MHz. Nine bursts were
detected by Effelsberg during the simultaneous observations, but none were seen at LOFAR
frequencies. A limit on the spectral index was derived for broadband instantaneous
emission of « > —1.2, which was higher than the one obtained by the non-detections
of [118], but less model-dependent. FRB20121102A was in a highly active state during
these observations, and the non-detections in the LOFAR band could be explained by the
band-limitedness of the bursts. However, considerations regarding the varying central
frequency of its emission, as observed by [66], led to the possibility of a shift of the peak
of the emission towards the LOFAR band. In this case, detections would not happen
simultaneously, and a “statistical” spectral index could be derived from fluence limits
of different instruments, taking into account their diverse observational setups. Many
assumptions go into the calculation of this index, but a first comparison of the Effelsberg
data with GBT and VLA data from [66] gave an indication of a negative spectral index for
the overall distribution of burst energies versus frequency. By comparing the Effelsberg
data to the LOFAR upper limits, ref. [142] obtained ast;s > —0.5, indicating a possible
flattening of this spectrum.

10.2. Targeted Detections

The first detection of bursts below 300 MHz was finally also achieved by targeting
FRB20180916B with LOFAR [59,65]. The knowledge of an active window helped in reaching
this goal, together with the favourable physical conditions of FRB20180916B, likely different
from those of other sources like, e.g., FRB20121102A.
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Ref. [65] presents the detection of 18 bursts which were observed out of 112 h of
observations on 128 sessions between June 2019 and August 2020. 15 activity cycles were
sampled by the observations. For half of the observations, total intensity data were acquired
over the bandwidth 110-188 MHz and were sampled with a frequency resolution of 3 kHz
and and time resolution of 983 us. The other half of the observations were recorded
as complex voltages, with 195 kHz frequency resolution and 5 ps time resolution. To
maximize sensitivity towards possibly narrow-band radio bursts, the time series were
created for the full band as well as sub-banded with different samplings of the band. A
total of 14 of the bursts were found in the full-bandwidth data, while 4 fainter bursts were
identified in the subbanded data segments. The datasets where bursts were discovered
were cross-checked for possible weaker candidates using FETCH [113]. All bursts were
band-limited, with spectral widths ranging from 20 to 50 MHz and fluences ranging
from 300 to 30 Jy ms. The temporal width of the bursts varied between 40 ms for bursts
peaking in the top of the LOFAR band to 160 ms near the bottom of the LOFAR band.
Some bursts were observed all the way down to the bottom of the band at 110 MHz.
They confirmed that the scattering relative to this source is quite low: 7. ~ 40 ps, a
value that was consistent with extrapolation from the frequency scintillation scaling found
at 1.4 GHz by [20]. Broadening due to dispersion smearing was limited by the use of
coherent dedispersion. Even after dedispersion to the best-fit DM, the brightest LOFAR
bursts showed residual time delays towards lower observing frequencies and, in one case,
broadening towards decreasing frequencies. The absence of a visible burst substructure,
or possibly a limit in the resolution, made it difficult to pinpoint this behaviour to DM
underestimation, multi-path scattering, or sad trombone effects. The drift toward later
times increases toward lower frequencies [46,58], and the drift could be about 10 ms per
50 MHz at these frequencies. Indeed, many bursts from FRB20121102A show asymmetric
burst profiles regardless of scattering (see Figure 2) [46].

Ref. [59] carried out simultaneous observations with LOFAR and the APERTIF system
at the Westerbork Synthesis Radio Telescope (WSRT) for a total superposition of 57.6 h.
APERTIF observations were performed during different phases of the periodicity cycle of
FRB20180916B, aiming at a validation of CHIME's inferred activity window at different
frequencies. LOFAR, on the other hand, was only operational in proximity of the expected
maxima of the activity. As this data represented a subset of those used in [65], they con-
firmed the detection of nine bursts in the LOFAR band. None of them were simultaneously
observed by APERTIF down to a fluence limit of 0.5]y ms. Conversely, APERTIF found
54 bursts over ~388h of observations, none of which were with coincident detections.
This analysis of the LOFAR data confirmed the detection of bursts down to the lowest
frequencies, with, in those cases, a scattering time 7, ~ 45ms. Ref. [59] derived a first
lower limit on the FRB rate by combining previous non-detections with the hypothesis that
only FRB20180916B emits at this band: Rrrp > 3 — 450 sky_1 day_1 at 150 MHz above
a fluence F > 5]Jyms. By extending this limit with Euclidean fluence scaling, the rate
becomes Rrpgpg = 90 — 1400 sky’1 day’l. These rates are indicative of the fact that LOFAR
detections showed an apparent much higher activity rate per corresponding fluence at
150 MHz with respect to 1.4 GHz.

Both works were an additional important confirmation that the environment around
FRB20180916B did not show evidence for overdensities and, on the contrary, excess DM
or scattering contributions at these low frequencies seem to be relative to the ISM plasma
or to unresolved structures rather than to the local environment or FRB20180916B’s host
galaxy. Free-free absorption and induced Compton scattering were shown to be a negligible
contribution down to 110 MHz, even though nothing can be said about the presence of
lower frequencies’ turnovers. One further aspect of the periodicity of FRB20180916B that
became clear with the wealth of multi-frequency observations from high to low frequencies
was the “chromaticity” of the active window (see, e.g., Extended Figure 3 of reference [59]).
If compared to the ~5d activity cycle spanned by CHIME detections, the L-band active
window seemed to consistently lead the peak phase (see also [20,143]), while the lower
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frequencies trailed this phase. Ref. [65] refined the period of FRB20180916B to 16.33d and
deduced a shift of ~0.2 in phase for LOFAR’s peak activity with respect to the peak at
CHIME's frequencies.

11. Future Prospects

The development of a highly specialised and highly active framework for low-frequency
observations of FRBs has been detailed in this review, with a particular focus on the ad-
vancements in our understanding of the phenomenon that have come from this perspective.
One of the, perhaps unexpected, achievements of the low-frequency observations has
been the in-depth characterisation of the behaviour of close-by (even galactic, in one in-
stance) FRBs. The analyses of the wide-band spectral properties of FRBs have allowed us
to characterise, on different scales, the bursting behaviour (with chromatic evolution in
time), the local environment (constraining the presence of an absorbing medium) and the
cosmic distribution of events. The current findings seem to show that, for low-frequency
studies, it is better to trace the local universe (see, e.g., [14]). This is consistent with the
agreement of all the observed rates and their limits with a Euclidean distribution of the
FRB fluences. On the other hand, inconsistencies with this distribution have been obtained
for the sample of FRBs detected by ASKAP at 1.5 GHz: v = 2.2 [144]. One possible bias
in this view is the limiting sensitivity of most of the low-frequency surveys performed so
far, or a DM completeness limit that is lower for current lower frequency studies. This
would, in turn, imply that FRBs observed preferentially at low frequencies might not be
interesting for cosmological studies. Theoretical predictions, such as those of [93], argue in
disfavour of this statement. They assume a double power-law spectrum for FRB fluences,
which implies a peak frequency dependent on both the intrinsic emission mechanism and
possible low-frequency emission suppression. The rate of FRBs detected at high redshifts
is expected to be higher at low frequencies, as the correction of the observed fluence for
the redshifted frequency is negative. Therefore, more distant FRBs observed close to their
spectral peak are brighter than would be expected, assuming their luminosity distance
relation. This would be especially true if there was a cutoff on FRB emission as, in that
case, the observations below the frequency maximising the event rate would detect more
faint distant events and fewer bright nearby events. The large availability of arrays at these
frequencies enabling simultaneous imaging observations will either confirm or deny the
observational findings and theoretical predictions. This will also occur thanks to the much
wider future availability of precise localisations.

While CHIME has demonstrated its leading role in the field, it has also confirmed
that the key to a deeper knowledge of the origin and properties of FRBs lies in the ded-
icated on-sky time and large FoV that an instrument can devote to the quest. New and
future instruments coming online (e.g., SKA-low) can and ought to complement CHIME’s
capabilities while occupying still-missed frequency bands, sky regions, and exploiting
higher temporal or frequency resolutions. The technological advancements of the last years
have recently allowed, for most of the low-frequency studies, the possibility to record and
temporarily store baseband data. Coherent dedispersion is a fundamental detection step at
low frequencies, but the availability of the raw voltages also enables the deepest frequency-
or time-resolved studies and polarisation studies.

Detections of multiple bursts enveloped in a larger burst structure, of wider bursts
at the lowest frequencies and, on the other hand, of substructures at the ns level, imply
a still-fertile ground for vastly unexplored areas of the transients’ parameter space. One
important niche for low-frequency studies will remain the detection of nearby sources,
repeaters in particular. Multiwavelength efforts have increased in parallel with the dis-
covery of predictable active windows from repeaters, but have so far been unsuccessful
(see e.g., [63,145] in connection to the first 350 MHz studies of FRB20180916B). These stud-
ies [146] will be more fruitful by targeting the nearest sources, even though constraints on
the activity rates and energies will factor in with an important role. More instruments and
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more real-time capabilities, both of detection, classification and of community alerts, will
probably lead to a detection in the next few years.
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