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Abstract

Fast Radio Bursts (FRBs) are short, energetic radio flashes, with typical durations between
a few microseconds up to a few tens of milliseconds, during which they can release up to 10*3
erg of energy. They are of cosmological origin, as was already hinted at by their large dispersion
measures and later confirmed by host galaxy identifications. One of the outstanding open
questions is related to the nature of the FRB progenitors, i.e. which sources they are associated
with. The observation of FRB 20200428 from the Galactic magnetar SGR J1935+2154 provided
strong support to the magnetar—-FRB link, although which fraction of the FRB population can
be linked to magnetars remains an open question.

The FRB population can be essentially classified into one-off (if they are observed only
once) and repeating sources (if multiple events are observed from the same source). Although
repeating FRBs are only ~ 7% of the known population, they offer a unique opportunity to
study their energy distribution, their frequency and temporal properties, their environment/host
galaxy and to search for counterparts at other wavelengths. Such observations are capable to
shed light on the physics of the FRB mechanism and constrain the emission models.

Repeating FRBs also offer the chance to pinpoint their location with angular resolution of
the order of a few tens of milliarcsecond (corresponding to pc scales for the nearby sources,
up to kpc scales for the z ~ 1) ones. Such resolution allows one to associate the FRB to a
specific environment (e.g., star forming region, nuclear region, star clusters) within its host
galaxy and offers clues on the nature of the progenitor. Moreover, high resolution observations
may characterise the origin of persistent radio sources, i.e. continuum sources that have been
associated to a handful of repeating FRBs.

This thesis represents a contribution to each of the aforementioned topics:

e [ present a search for FRBs in a sample of 7 nearby, star forming galaxies at 408 MHz
with the Northern Cross telescope. Under the assumption that magnetars originating
from the collapse of supernova cores are the FRB progenitors, we computed the FRB rate
expected from the whole sample. Our lack of detections allowed us to place an upper
limit on the event rate per magnetar A\pag t0 be Ay < 0.25 magnetar— yr ! for bursts
with energies larger than 10** erg, a factor of ~ 2 improvement on earlier constraints.
This indicates that burst from magnetars like SGR J1935-+2154 are rare and cannot alone
account for the observed rate of extragalactic FRBs, providing further evidence for an
additional population of progenitors;

e [ characterise the burst rate and energy distribution of the very active repeating source
FRB 20220912A, using observations at 408 MHz and 1.4 GHz. The source was monitored
for 122 hours at 408 MHz and 177 hours at 1.4 GHz, over a time scale of one year and we
found a prominent frequency-dependent burst rate, changing from 0.19 £ 0.03 hr=! for
bursts with fluences F > 17 Jy ms at 408 MHz to less than 0.017 hr™! (at 95% confidence
level) for bursts with fluences ¥ > 20 Jy ms at 1.4 GHz. Given the sixteen bursts detected
at 408 MHz, it was possible to constrain the 0.408 — 1.4 GHz burst spectral index (8
to be [ < —2.3, consistent with an intrinsic narrow-band burst nature. The burst rate
at 1.4 GHz declines by about four orders of magnitude over one year and the spectral
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index of the cumulative spectral energy distribution to be ag = —1.3 + 0.2: those two
characteristics are similar to another hyperactive repeater, FRB 20201124A, indicating a
possibly similar emission mechanism for both sources. This study represents a first step
into the systematic characterization of a sample of active repeaters;

I characterise the impact that calibration errors have on the accuracy of FRB localisation.
In particular I used high angular resolution (~ 20 mas) observations of the repeating
FRB 121102 taken with a subset of the EVN array. I investigate how the localisation
accuracy of the associated persistent radio source changes if fewer antennas are included
in the calibration. I also simulate the impact that phase calibration errors have on the
localisation of the burst itself. In both cases, I found that localisation errors are smaller
than a few milli-arcseconds, of the same orer of magnitude of the error budget already
reported in published observations. The magnitude of these systematic errors is sufficiently
small not to impact the association of the FRB with its local environment, e.g. globular
clusters or star forming regions.
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Chapter 1

The fast radio burst phenomenon

Astrophysical transients, i.e. events that appear and disappear on human observable
timescales, represent a fascinating aspect of the cosmic realm, unveiling fleeting yet powerful
phenomena that punctuate the otherwise steady nature of the Universe. Of the known transients
populating the sky, short-duration transients (also known as fast transients), with temporal
duration < 1 s, represent a new and prolific field in astrophysics, since their properties are
usually related to the most extreme phenomena existing in the Universe. Within short-duration
transients, fast radio bursts (FRBs, hereafter), with their ms duration and Jy-level flux densities,
are the shortest and brightest radio pulses ever detected. Notable is their extragalactic and
even cosmological origin, which makes them a novel probe to study the large-scale properties of
our Universe such as, e.g., its matter-content and the cosmological magnetic field permeating it.
Various aspects of FRBs are still under investigation, including their engine, radiation mechanism,
distribution, classification, and propagation effects, as these are key to understanding their
origins (see, e.g., Cordes & Chatterjee, 2019; Petroff et al., 2019, 2022; Pilia, 2021; Zhang et al.,
2023a, for reviews on the topic).

This chapter serves as an introduction to the phenomenon of FRBs. The first section provides
a brief historical review of radio transients, starting with the discovery of radio pulsars and
setting the stage for understanding the emergence of FRBs. The second section delineates
the key properties of FRBs, highlighting their enigmatic observed characteristics. In the third
Section, we briefly overview the primary models proposed to explain the origin of FRBs. Finally,
in the last Section we describe the importance of FRBs in probing the large-scale properties of
our Universe.

1.1 A brief historical background

In 1967 Jocelyn Bell, a PhD student at the University of Cambridge, was analysing radio
observations taken with an array consisting of 500 dipoles. The outcome of these observations
revealed the presence of a periodic radio signal that resembled a radio frequency interference
(RFI), which "however" was appearing only when the telescope was observing a specific part of
the sky (Hewish et al., 1968). It did not take long to realize that this particular type of signal
could be linked to an extreme type of star, i.e. a neutron star (NS), which was predicted to
emit pulsed radio emission observable (Gold, 1968). Since the discovery of the first pulsar, the
number of currently known pulsars has grown to ~ 3500, according to the Australian Telescope
National Facility (ATNF) catalogue (Manchester et al., 2005). The radio pulses emitted by
pulsars are dispersed as they travel through the ionized interstellar medium (ISM). This delay
is characterized by a dispersion measure (DM),
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with d being the pulsar distance and n, the number density of free electrons along the line of
sight (LOS) to the pulsar (see Section 1.2.1 for a detailed description of this phenomenon). The
DMs of pulsars increase at low galactic latitudes, given the higher ISM density in the Galactic
plane, while they are smaller (~ 10 pc cm™3) (see, e.g. Cordes & Chatterjee, 2019) for high
galactic latitudes, highlighting a nearby, galactic origin of known pulsars. Nowadays, pulsars are
used to construct models of the ISM electron density (Cordes & Lazio, 2002; Yao et al., 2017).

The emission from pulsars covers a wide range of periods, going from few milliseconds to
tens of seconds. However, PSR B0531+421 (aka the Crab pulsar), identified as the core of the
supernova remnant resulted from SN 1054 (Staelin & Reifenstein, 1968), has been discovered
not for its pulsed emission, but rather for its anomalously intense pulses, known as giant radio
pulses (GRPs) (see, e.g. Johnston & Romani, 2004, for a review on GRPs), which can reach flux
densities hundreds or even thousands of times the mean flux density of regular, periodic pulses.
In the early 70’s, Ginzburg (1973) suggested that one could use energetic flares from distant
sources as a probe for the intergalactic gas density. In the same years, Rees (1977) proposed that
annihilating black holes (BHs) of small mass could end in an energetic radio burst observable
from remote distances. Following these hypotheses, Huguenin & Moore (1974) and Phinney &
Taylor (1979) conducted early transient searches for single pulses having duration as short as 16
ms. These were unsuccessful, but placed the first upper limits on the rate of both primordial
BH explosions and bright bursts from distant galaxies. Interestingly, Linscott & Erkes (1980)
reported the detection of multiple, highly-dispersed radio bursts from the giant elliptical M&87
galaxy. These bursts, however, were not found by other observers and in follow-up observations
(McCulloch et al., 1981; Taylor et al., 1981; Suresh et al., 2021).

Several years later, Cordes & McLaughlin (2003) implemented a new algorithm optimized
for single pulse search, and used it to carry out a systematic search for fast radio transients.
Although the latter gave no detection, a follow-up search allowed them to discover 11 new
sources, called rotating radio transients (RRATs; McLaughlin et al., 2006), that were not found
initially during periodicity searches. These sources emitted single radio pulses, similar to those
from pulsars, but with strong amplitude variations over long timescales. Further monitoring
revealed underlying periods of 1 — 7 s, consistent with the rotation periods of NSs, hence the
term “rotating” in RRATSs. This new discovery implied that a large population of bright single
pulses might be hiding in existing radio survey data (Keane et al., 2011).

During a single-pulse analysis of archival radio data taken with the Parkes 64-m single dish
in 2001, David Narkevic, Duncan Lorimer and Maura McLaughlin found an exceptionally bright
single burst having a flux density of ~ 30 Jy (see Figure 1.1), which came from ~ 3° south of
the Small Magellanic Cloud (SMC) (Lorimer et al., 2007). The burst, later cataloged as FRB
20010724A1, is widely referred to in the literature as the Lorimer burst. FRB 20010724A had
DM = 375 pc em~2, which is ~ 8 times higher than the expected DM contribution from our
Galaxy, implying a maximum distance of ~ 1 Gpc. After this discovery, seven years passed
before the detection of four other highly dispersed bursts (Thornton et al., 2013), that provided
evidence for a cosmological population of extragalactic sources capable of emitting bright,
detectable bursts, having an all-sky rate of 10* sky~! day ™!, which they termed as "Fast Radio
Bursts" (Thornton et al., 2013).

The first FRBs were discovered with the Parkes radio telescope in Australia, and it took
approximately 7 years, since the Lorimer burst discovery, before another telescope observed

n this Thesis, we’ll use the Transient Name Server (TNS) convention to label FRB sources as FRB
YYYYMMDDxxx. Here, YYYY, MM and DD stand for the year, month, and day of source discovery, while xxx
are letters from A to Z to differentiate FRB events on the same day
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Figure 1.1: Time-frequency plot (also known as dynamical spectrum or waterfall plot) of FRB 20010724A,
the first FRB ever discovered. The burst clearly sweeps across frequency, as expected from the
propagation of the radio waves in a plasma (see Section 1.2.1 for details). The horizontal black line
is a persistent RFI at frequency ~ 1.34 GHz. The inset plot represents the frequency averaged time
series corrected by the delay due to the dispersion effect (considering DM = 375 pc cm™3). Credits to

Lorimer et al. (2007).



an FRB. Initially, the fact that FRBs were detected only in Parkes observations increased the
scepticism around the true astrophysical nature of these sources. Indeed, searches through the
Parkes archival data in 2011 revealed a peculiar class of artificial signals, with ~ ms duration,
which showed the characteristic sweep in radio frequency channels of a genuine astrophysical
signal. Those were dubbed as "perytons’. Further investigations of the Peryton phenomenon with
a larger population of events and upgraded RFI monitoring at the Parkes telescope subsequently
pinpointed their source to microwave ovens being used at site (Petroff et al., 2015).

The first FRB discovered with a telescope other than Parkes came in 2014 (Spitler et al.,
2014), from the Arecibo 305-m single-dish, which also happened to be the first repeating FRB
source ever discovered (Spitler et al., 2016). Indeed, until then, FRBs were all one-off events, i.e.
that happened just once in hours of monitoring towards the same sky direction. In this case,
instead, Arecibo detected multiple bursts from the same diretion of the sky having consistent
DM with each other, suggesting a common origin. The discovery of the repeating nature opened
new observational opportunities, e.g. multi-wavelength follow ups. Still, nowadays their physical
mechanism, as well as their progenitors are still a matter of debate. Regarding their origin, tens
of models were proposed (see, e.g. Platts et al., 2019, for a review of FRB models) but the fact
that some of them show repetitions ruled out catastrophic models where progenitors do not
survive the burst event. Currently, it is not clear whether one-off events represent a distinct
population of sources than repeating sources, but surely, for the latter, catastrophic models can
be ruled out.

1.2 Properties and derived constraints

Some important physical inferences can be made by looking at the principal observational
FRB parameters, such as their temporal duration, DM, flux density and polarisation state. All
these properties are closely related both to the FRB physical properties and to the propagation
effects in the intervening material between the FRB source and the observer. This material
can be ionized, magnetized, and clumpy on a range of different scales and radio waves can be
diffracted, refracted, absorbed and undergo Faraday rotation. Such propagation effects play an
important role in our understanding of FRBs.

1.2.1 Dispersion

The ISM of the Milkw Way (MW) has a mean volumetric electron density of n, ~ 0.03
cm~?, while the intergalactic medium (IGM) has ~ 107% cm™ particles. The interaction of
radio waves with ionised particles, i.e. electrons and protons, results in a different propagation
velocity for the different wavelengths. In particular, longer wavelengths propagate with lower
velocity with respect to shorter ones. This phenomenon is known as the dispersion of the radio
waves.

An electromagnetic wave (EM) can be described by oscillations in space and time of the
electric and magnetic fields. Considering for simplicity only electric field E oscillations, the
latter can be described at each coordinates (Z,t) by:

—

E(&,t) = By | (1.2)

where k = 27/ is the wavenumber vector, directed along the propagation axis and w is the
angular frequency. In the former, k is related to space oscillations, while w to time oscillations.

The dispersion relation w = w(k) of EMs traveling through a non-magnetized, globally
neutral plasma can be readily obtained by incorporating spatial and temporal variations of all
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quantities in the form of expz'(l; -7 — wt) into Maxwell’s equations and Newton’s second law
equation. One finds (Rybicki & Lightman, 1979):

ck =n,w, (1.3)

where ¢ = 299.792.458 m/s is the speed of light in vacuum, and

W2\ 1/2
n, = (1 — w—g) (1.4)

is the refraction index, which in turns depends on the plasma frequency w,, defined as (Draine,
2011)

drnge?\ M2
%—( e) ~ (5.63 x 10* Hz) n}/? . (1.5)
Me

Here n. is the electron density of the plasma while m, ~ 9.11 x 1073 kg and e ~ 1.6 x 107 C
are the mass and the electric charge of the electron, respectively.
From the dispersion relation (1.3) we can get the group velocity of the wave packet:

ve(w) = ¢ (1 - Z-é) " (1.6)

Here one can cleary see that for w > w, the wave packet can propagate and that the group
velocity depends on the frequency v = w/2m of the wave. Considering then w > w,,, which is
a realistic assumption for astrophysical observations, we obtain a frequency-dependent arrival
times of the radio waves that travel a distance D from the observer:

D D 2
dl dl w
t(v) = / ~ / —(1 + —p> . (1.7)
0 Vg(v) 0 C 2w
In this way, the difference in arrival time between two frequencies v, and 1y with vy > vy is:
e? 11 b
At =t —1 - 5 T 7o e di
(v2) = (1) 2TMeC (sz 1/12) /0 "

:®><DM<i2—i2),

D) 51

(1.8)

where D =

2;; — =~ 4.15 x 10* MHz* pc™! cm® s is known as the dispersion constant, and the
dispersion measure (DM) is defined as in equation 1.1, and it is usually expressed in pc cm™3.
As one can see from this relation, the observed DM encodes the content of free electrons along
the line of sight. Considering v and v» both in MHz, then the arrival time delay of equation

(1.8) becomes:

Au:4wx1anxDM(ln—i). (1.9)
2 2
vy 1

Here it is evident the =2 dependence of the burst arrival times that one can see also for the
Lorimer burst in Figure 1.1 and for FRB 20110220 in Figure 1.2.

DM measurements can be used to estimate the distance D to the source by numerically
integrating Equation (1.1), assuming a model for the Galactic electron density distribution,
ne.. Over the years, these models have been derived from independent measurements of pulsar
distances?, paired with their DM estimates. In particular, the prevailing ones are the NE2001

2Indeed, all the known pulsars are located in the MW or in the Small and Large Magellanic Clouds (Manchester
et al., 2005).
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Figure 1.2: Dynamical plot of a burst from FRB 20110220. In the principal panel it is evident the

v~2 delay between the burst arrival times at different frequencies, while the inset shows the temporal

broadening of the burst at lower frequencies caused by the scattering phenomenon. Credits to Thornton
et al. (2013).

(Cordes & Lazio, 2002, 2003) and the YMW16 (Yao et al., 2017) models. Although the latter
resulted in improved pulsar distance estimates (Yao et al., 2017) and benefits from more recent
data, the former is still widely used. The prediction for n. by the YM16 model is plotted in
Figure 1.3 in galactocentric coordinates. NE2001 and YMW16 model only the DM contribution
from ISM electrons, but do not consider other contributions, such as the MW halo component.
The latter usually is estimated from hydrodynamical simulations (Dolag et al., 2015), considering
spherical models for the distribution of baryonic gas in the MW halo, or using DM estimates of
high-latitude pulsars and FRBs (see Price et al., 2021, for a review on the different methods).
Usually, a conservative value of 50 pc cm™ is used for the halo contribution, which is consistent
with the majority of literature works that try to estimate it.

The high values of DM recorded for the first FRBs suggested that these sources are coming
from large distances, way beyond our Galaxy. Following this hypothesis, which turned out to be
true (see Section 1.4), the measured DM of an FRB can be expressed as the sum of different
contributions (e.g. Deng & Zhang, 2014):

DMhost
1+2
where DMyw 1sm is the DM contribution from MW ISM electrons, DMyw haio is the MW halo
contribution, DMjgn(2) is the IGM contribution along the line-of-sight for a source placed at
redshift z and DM, is the contribution from the FRB host galaxy and local environment
around the FRB source. The (1 + 2)~! factor in the last term takes into account the Hubble
expansion of the Universe. Interestingly, the third term has a dependence on the asummed
cosmology (e.g. Macquart et al., 2020a), and can be used to constrain cosmological parameters

and to investigate Universe properties on large scales (see Section 1.6, for further details).
One can estimate an upper limit for the likely redshift z of the FRB source by making
assumptions on the different DM contributions. To this purpose, a general rule of thumb is
z < Dllvé{)%M pc cm™? (e.g. Toka, 2003; Inoue, 2004). Considering the case of the Lorimer burst, its
measured DM is 375 pc em ™3, which is ~ 350 pc cm™ in excess with respect to DMyw 1sm =~ 25

DMobs = DMuw 1sm + DMyw hato + DMigu(2) + ; (1.10)
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Figure 1.3: Electron density distribution in the Galactic plane from the YMW16 model (Yao et al.,
2017). The Galactic Center is at = 0, y = 0. Credits to Yao et al. (2017).

pc cm~? towards its direction in the sky, as estimated from electron density models. Assuming
a conservative DM halo contribution of ~ 100 pc em™ (Prochaska et al., 2019), and a total of
~ 200 pc cm ™ from the Lorimer burst host galaxy, one obtains DMy ~ 50 pc cm ™2, which
translates into z < 0.05. This resdhift finally converts into an upper bound for the luminosity
distance of the source of dj, < 220 Mpc, when considering a flat A Cold Dark Matter (ACDM)
cosmological model. The same upper limit changes to z < 0.25, i.e. d;, < 1 Gpc, if the host
DM contribution is instead considered negligible, strengthening the hypothesis of a cosmological
origin for the source that has emitted the Lorimer burst. Nowadays, the extragalactic nature of
FRBs has been confirmed by their precise localisation in host galaxies (see Section 1.4), with
the furthest (up to now) having redshift z ~ 1 (Ryder et al., 2023).

1.2.2 Burst duration

The intervening media in which an FRB signal travels can exhibit anisotropies and ir-
regularities, inducing additional propagation effects other than dispersion. In particular, a
turbulent medium results in the multi-path propagation of the signal, with certain parts of the
latter arriving later due to longer path lengths. In general, the result is a non gaussian burst
profile which can be described instead by a convolution of a gaussian function with a one-sided
exponential tail of the form exp (—t/75), where 7, represents the scattering time and determines
the extent to which the FRB signal experiences broadening through exponential decay. This
model is known as the thin-screen model (Scheuer, 1968). Following this model, irregularities in
the medium follow a Kolmogorov spectrum and are confined to a thin layer between the source
and the observer. In such a model, the scattering time is expected to depend strongly on the
observing frequency, in particular as (Bhat et al., 2004):

oo (1.11)
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Such behaviour has been observed for many FRBs (e.g. Thornton et al., 2013; Qiu et al., 2020),
and an example of the frequency dependence of 7, can be seen in the inset of Figure 1.2.

Moreover, the same in-homogeneities responsible for scattering can also cause intensity
fluctuations of the FRB signal, a phenomenon called scintillation. Scintillation arises due
to refractive and diffractive effects as the signal traverses turbulent material with varying
electron densities across different length scales. These variations induce delays in the signal,
leading to either amplification or attenuation upon the wave recombination, depending on
interference effects. This results in a complex frequency structure that evolves over time from
the observer’s perspective. The characteristic scintillation bandwidth (Avgen) over which an
intensity modulation is observed scales strongly with the frequency as Avgin oc v (Cordes &
Lazio, 2002; Spitler et al., 2018).

Overall, the observed burst width W,,s of an FRB is the sum of different broadening
contributions. In particular we can write (e.g. Amiri et al., 2017):

Wobs = \/ W2 + 12, + Atdy + Aty + 72, (1.12)
where Wiy, is the intrinsic burst width, fsamp is the sampling time at which the data have been

temporally binned,
Atpy = (8.3 us) DM A vy, vgp, (1.13)

is the frequency-dependent smearing delay due to dispersion across a single frequency channel,
Atpm,,, is the pulse broadening due to a de-dispersion at a slightly wrong DM and 7; is the
scattering time. From an estimate of the intrinsic burst duration WW;, one can set an upper limit,
via causality arguments, to the length scale Ry related to the FRB central engine:

RO S CWi s (114)

which gives Ry < 300 km for W; = 1 ms. This upper limit suggests compact, stellar-mass objects
such as a NS or a BH as likely progenitors for FRBs (see Section 1.5 for details on progenitor
models). Nowadays, we know that FRBs can have durations as short as a micro-second (e.g.
Snelders et al., 2023). This value further pushes down the size limit for the FRB emitting region
to some kilometers, suggesting an emission close to the surface of the celestial object. Finally,
it is possible to show that even in the case in which the central engine is moving towards the
observer with a relativistic speed, the upper limit of equation (1.14) it is still valid to constrain
its size (Zhang, 2022).

1.2.3 Flux density, fluence and energetics

When an FRB is detected by a radio telescope, what is actually measured is the amplitude of
its raw signal, which can then be converted into units of Jansky (Jy) (1 Jy = 10726 W m~2 Hz ')
by calibrating the instrument response to an extragalactic source with known flux density. To
convert the voltage amplitudes measured by a radio telescope into physical units, the radiometer
equation is commonly employed, the latter used to estimate the root-mean-square (rms) o of
the de-dispersed time series, computed on a timescale W and bandwidth B (Lorimer & Kramer,

2004):

TS S
i (1.15)

G\/N,BW

Here Ty is the system temperature, representing the noise of the system, in which many
contributions enter such as, e.g. the noise contribution from the sky in the direction of the
source, from atmospheric emission and from the receiver noise. In equation (1.15) G represents
the antenna gain and N, is the number of recorded polarisations. To charachterise the radio

o~
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Figure 1.4: Spectral luminosities as a function of the burst duration for the zoo of astrophysical
transients. In particular, one can find a subset of localised FRBs (i.e. for which the redshift is known),
GRPs and single pulses from pulsars, RRATS, active galactic nuclei (AGN), supernovae (SNe), gamma
ray bursts (GRBs), accreting binary systems ("accretors" in the Figure) and transient phenomena of
stars. The star symbol refers to FRB 20200428, i.e. the FRB-like signal coincident with an X-ray
outburst from a known Galactic magnetar detected from STARE-2, in this case. Diagonal lines represent
constant brightness temperatures at a reference frequency of 1.4 GHz. The shaded region includes
sources with brightness temperatures below 102 K, which are likely incoherent emitters not subject to
relativistic boosting. Credits to Bochenek et al. (2020).

telescope sensitivity one usually defines the so-called system equivalent flux density (SEFD) as

SEFD = Ti,/G. Having an estimate for the telescope rms noise at timescales of milliseconds one

can recover the peak flux density of the burst, Speax, detected at a given S/N as S = S/N x o.
The integral of the flux density S(t) over the burst profile:

?z/ S(t) dt | (1.16)
on burst

is known as the fluence F of the burst. It is expressed in units of Jy s, but typically one prefers
Jy ms, as FRBs have durations on millisecond timescales. Known FRBs have shown fluences
ranging from tens of mJy ms to kJy ms, spanning more than 6 orders of magnitude.

Knowing the distance, or equivalently the redshift, of the FRB source that emitted a given
burst, one can get an estimate of its energetics. Indeed, the flux density of the burst, which is
given in the observer reference frame, is related to the burst spectral luminosity L, (in units of
erg s7' Hz™!) in the FRB source rest frame, as (Marani & Nemiroff, 1996; Macquart & Ekers,
2018a):

/

L L,
v L
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where Dy, is the luminosity distance of the source, L!, = L,(1 + z) and the ratio % is the
so-called k-correction, which takes into account the fact that the radiation is emitted in another
frequency band with respect to the observed one, as a result of the expansion of the Universe.
Moreover, one has to consider the spectrum (i.e. the variation of the flux density or fluence as a

function of the frequency) of the source, which usually is modelled as a power law:
S(v) v, (1.18)

with 3, known as the spectral index, being the slope of the spectrum. The latter can be related
to the intrinsic, underlying emission mechanism of the FRB powering source (e.g. Yang, 2023)
and it is still highly unconstrained by current observations (see Section 1.2.4 for further details).
Taking into account the k-correction and the spectrum of equation (1.18) one can obtain the
spectral luminosity:

4 D?
L, = i 2)1765 . (1.19)
Consequently, the spectral luminosity can be related to the burst fluence by making use of
equation 1.16, or approximating the burst profile to a top-hat function having equivalent width
W, and then computing the fluence as F =S x W,. One has to remember that the duration of
the burst is measured at the observer rest frame, and one should multiply the equivalent width
by an extra (1 4+ z) factor. In this way the spectral luminosity can be related to the fluence as

4D
Lo = iy e Z)H? . (1.20)
The typical FRB spectral luminosities are shown in Figure 1.4, compared to spectral luminosities
of different astrophysical transient phenomena. As one can note, an FRB has a spectral
luminosity exceeding by approximately 7 orders of magnitude those of GRPs, and are 101712
times more luminous than single pulses from known pulsars.

It is possible to compute the spectral energy of the burst (expressed in units of erg Hz 1)
from its spectral luminosity, by multiplying L, of equation 1.20 for W,. Finally, one can recover
the total energy budget as the spectral energy times the observed bandwidth Av. This is true
only in some cases, since some FRBs show very narrow spectra, with finite extents (~ 100 MHz,
see e.g. Yang, 2023) within the observed bandwidths. Otherwise, if the FRB emission extends
beyond the telescope bandwidth then one should multiply instead by the central frequency of
observation (e.g. Zhang, 2022). This total energy is often referred to as the "isotropic" energy,
because one usually assumes that the burst emission is distributed isotropically, i.e. over a solid
angle of Q) = 47 sr. If; instead, the emission is beamed in a solid angle A in the direction of
the observer, than the total emitted energy is lower by a factor of f, = max(AQ/4w,1/49?) <1,
where 7= (1 — %)*1/ 2 is the Lorentz factor of the FRB emitter, travelling at a velocity v.

Another physical quantity which is useful to characterise the magnitude of an astrophysical
signal is the brightness temperature Tg. This is defined as the equivalent temperature of
black-body radiation having brightness B(v), emitted by a celestial body which is in a physical
state of thermal equilibrium. The latter is defined as the flux density divided by the solid angle
d§? subtended by the source:

S(v)
aQ -’
usually expressed in units of erg s~ Hz=! m=2 sr™!.

The Rayleigh-Jeans approximation, hv < kTg?, holds for wavelengths typical of radio

B(v) =

(1.21)

Shere h ~ 6.626 x 10~3* J Hz ! is the Planck constant and k ~ 1.38 x 1023 J K~! is the Boltzmann constant.
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observations, and one can show that the brightness temperature is related to B(v) via the
following expression:

C2

Tg(v) = WB(V) . (1.22)

Finally, one can relate Ts(v) of a burst to its flux density, duration and frequency of emission
(e.g. Luo et al., 2023) as:

Tp(v) =~ (1.2 x 10% K) (%) (G;Z>2 (%) N (1.23)

The remarkable brightness temperatures derived for FRBs (i.e. > 10%? K, as can be noted in
Figure 1.4) far exceed any T permissible if electrons radiate independently (or incoherently).
Figure 1.4 shows the W — L, space separation (set to 10'? K, Kellermann & Pauliny-Toth, 1969)
between an incoherent and a coherent emission. Consequently, any mechanism must explain
FRBs through a model based on coherent emission.

1.2.4 Spectral properties

Nowadays, the spectra of FRBs is one of their less well-characterised properties. Indeed, only
the first repeater, R1, has been detected up to 8 GHz (Gajjar et al., 2018), while discovered at
L-band. Initially, FRB spectra were thought to be flat, with emission extended over a wide range
of frequencies, consistently with spectra of radio pulsations from magnetars (e.g. Karuppusamy
et al., 2010). Instead, individual bursts from repeaters have been observed with extremely
narrow spectra (Kumar et al., 2021; Pastor-Marazuela et al., 2021; Pleunis et al., 2021b; Zhou
et al., 2022; Zhang et al., 2023a; Sheikh et al., 2023), sometimes extending over ~ 10% of the
telescope bandwidth (Kumar et al., 2021), as for the extremely band-limited emission observed
for repeating FRB 20190711 (see Fig. 1.5), which shows a Gaussian-like spectrum of only
65 MHz of bandwidth (corresponding to Av/v ~ 0.03). On the contrary, one-off FRBs are
statistically broader in bandwidth than repeaters, as resulting from the analysis of the Canadian
Hydrogen Intensity Mapping Experiment (CHIME) bursts (Pleunis et al., 2021b; Chime/Frb
Collaboration et al., 2023).

Remarkably, a single burst from FRB 20121102A (R1, hereafter, being the first repeater
discovered) has been simultaneously detected at 1.4 GHz and 3 GHz, respectively (Law et al.,
2017). Assuming a power law spectrum F(v) o v the authors obtained a spectral index
of 8 = 2.1. However, the latter result was inconsistent with the non-detection at 4.8 GHz
conducted simultaneously with the Effelsberg radio telescope (Law et al., 2017). Therefore,
the authors concluded that a single power-law function was not a good description for the
broadband spectrum of the source. Furthermore, Chawla et al. (2020) reported a coincident
detection of FRB 20180916B (R3) in adjacent frequency bands, i.e. 300 —400 MHz and 400 — 600
MHz. In this case, the burst in the CHIME band is downward drifting into the GBT band.
This effect, known as "sad trombone", is commonly observed in the morphology of repeater
bursts (e.g. Hessels et al., 2019). In the same work, no bursts have been detected in the Low
Frequency Array (LOFAR) 110 — 190 MHz band, implying a lower limit on the broadband
spectral index § > —1.0. Finally, the simultaneous detection of FRB 200428 at 600 MHz
(CHIME/FRB Collaboration et al., 2020) and 1.4 GHz (Bochenek et al., 2020) gives a rough
power law broadband spectrum of 5 ~ 1. However, in this case the flux density measured by
CHIME is poorly constrained, given that this was a sidelobe detection.
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Figure 1.5: Left subplot: de-dispersed, dynamic spectrum of the extremely narrow-banded FRB 20190711.
The time-averaged on-pulse spectrum is reported on the right-hand panel, with the on-pulse region
highlighted as a blue shaded area. Right subplot: the top panel shows the de-dispersed waterafall plot,
considering only the data around on-pulse emission. In particular, the top row of this panel shows
the frequency averaged time series of the burst, the second row reports the time-frequency dynamic
spectrum, and the third row shows the butterfly plot (time vs. DM) of the burst. The bottom panel
shows the dispersed dynamic spectrum of the FRB signal. Credits to Kumar et al. (2021).
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Figure 1.6: Bandwidth of activity vs. burst duration for FRBs present in the CHIME/FRB Catalog 1
(CHIME/FRB Collaboration et al., 2021) (474 one-off and 62 bursts from 18 repeating sources). The
different colors represent the distinction betweeen one-off events (green) and repeater bursts (orange).

The panel on the right shows the distributions of all one-off events and repeater bursts. Credits to
Pleunis et al. (2021b).

1.3 One off vs. Repeaters

Nowadays ~ 800 distinct FRB sources are known (CHIME/FRB Collaboration et al., 2021),
the most of them classified as one-off events. However, a small fraction of FRBs (up to now 56
sources) exhibits repetitions in their emission, the so-called repeaters. It is worth noticing the
remarkable contribution provided by CHIME (CHIME Collaboration et al., 2022) telescope:
after it started its operations in 2018, the number of known FRBs has increased by more than
an order of magnitude, from a few dozen to several hundreds. It is unclear whether repeaters
represent a distinct population among all FRBs, though some statistical and observational
differences between them and one-off bursts have been reported (Pleunis et al., 2021b; Chime/Frb
Collaboration et al., 2023). In particular, Figure 1.6 shows that CHIME/FRB bursts from
repeating sources appear statistically longer in duration and less extended in frequency. Some
apparently non-repeating FRBs were found to be repeaters in the follow-up observations and
some population studies suggest that a large fraction of one-off FRBs may eventually repeat
(James et al., 2022a; James, 2023; Chime/Frb Collaboration et al., 2023). Various differences
are found even within the repeater population, especially in their level of activity. Indeed, the
burst rate of repeaters spans a wide range of values, ranging from less active sources, which
exhibit a burst rate as low as ~ 1073 hr=! (Chime/Frb Collaboration et al., 2023) to the most
active ones showing sporadic burst storms with hundreds of events per hour (Li et al., 2021b;
Nimmo et al., 2022a; Xu et al., 2022; Zhang et al., 2022, 2023a; Feng et al., 2023).

Repeating and non-repeating sources are expected to exhibit different DM distributions
(Gardenier et al., 2021). Indeed, FRBs can be detected only if their fluence is higher than a
given threhsold, which in turn increases for more distant sources. Repeating sources require
at least two bright bursts to be identified, while one-off bursts need only a single bright event.
As a result, repeaters become less observable with distance compared to one-off bursts, and
this should have an impact on the DM distribution of these two FRB classes. Interestingly,
it is found that repeaters show a lower average DM than the corresponding value for one-off
sources. For example, considering bursts from 305 one-off sources and 40 repeaters from the
CHIME/FRB Catalog 1, it has been found a difference between the two average DM values of
A(DM) = (DMope—oft) — (DM;ep) = 162 £ 55 pc em ™ (Chime/Frb Collaboration et al., 2023).
Moreover, the DM distributions are consistent, although with still slightly low significance,
with being drawn from two different underlying distributions. This difference, if confirmed as
real (i.e. not only due to only to observational selection biases), could in principle represent a
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strong evidence for one-off and repeaters being two different physical classes of sources. The
origin of this difference could be due to different distribution in redshift space, host galaxy type
or local environment (Chime/Frb Collaboration et al., 2023). However, a selection bias has
to be taken into account, given that repeaters would be detected preferentially in the Local
Universe (Gardenier et al., 2021; James, 2023). This is because, if all FRB sources emit with a
given luminosity function, the further away, the higher and more limiting the corresponding
luminosity threshold will be. Therefore, distant sources must be way brighter to be observed
than nearby ones. For repeaters, this effect is even stronger, since, in order to classify a source
as a repeater, one needs to detect at least two different bursts. Henceforth, one expects the
repeater population to drop off faster with distance than the observed one-off population.

1.3.1 Hyperactive repeaters

As already mentioned, not all repeaters are equally active. Up to now, 6 repeaters, i.e. R1,
R1-twin, FRB 20201124A, FRB 20200120E, FRB 20220912A and FRB 20240114A, showed
active states of bursting activity, lasting for days (Nimmo et al., 2022a) or months (Kirsten
et al., 2024), with a high cadence and usually also with bright bursts. R1 is the first FRB
that showed an enhanced period of bursting activity, usually referred to as a burst storm. FRB
20200120E, which is also the nearest FRB source known (Bhardwaj et al., 2021a) (see Section
1.4 for details), produced a storm of 53 bursts within a time span of 40 minutes (Nimmo et al.,
2022a) with a peak burst rate of 252 hr=! for ¥ > 40 mJy ms. Moreover, this FRB source
revelead extremely short sub-bursts, but also single, isolated bursts, characterized by durations
of tens of nanoseconds (Majid et al., 2021; Nimmo et al., 2022b), resembling nano-shots of the
Crab pulsar (e.g. Hankins & Eilek, 2007; Jessner et al., 2010). Still, these bursts are ~ 500
times more luminous than GRPs (Majid et al., 2021), yet filling the gap between the latter and
the bulk of extragalactic FRBs.

Another well-studied repeater, FRB 20201124A, had a very active phase between March
and May 2021 (e.g. Lanman et al., 2022; Marthi et al., 2022; Zhang et al., 2022) and shows
sparse bursts afterwards (Kirsten et al., 2024). No high frequency bursts (with v > 3 GHz, nor
periodic activity were conclusively observed for this source, despite the current abundance of
events. Among the most active repeaters known, FRB 20220912A (McKinven & Chime/Frb
Collaboration, 2022) stands out, with an exceptionally high burst rate (as high as ~ 400 hr™')
reported at 1.4 GHz (Zhang et al., 2023a). Despite many hours of monitoring, no bursts have
been detected at frequencies higher than 2.3 GHz (e.g. Kirsten et al., 2022b). FRB 20220912A
has proven to be particularly active at frequencies v < 1 GHz as well, with multiple detected
bursts reported by CHIME /FRB*. Also the Northern Cross detected activity at 408 MHz, soon
after its discovery (e.g. Pelliciari et al., 2022) and during a dedicated long monitoring campaign
(Pelliciari et al., 2024a, but see Chapter 4). Finally, one of the latest repeater discovered by
CHIME, FRB 20240114A (Shin & CHIME/FRB Collaboration, 2024), has shown exceptionally
high fluence bursts, reaching even a ~ kJy ms level (Shin & CHIME/FRB Collaboration,
2024; Ould-Boukattine et al., 2024), and a ~ 500 hr~! repetition rate for bursts having fluence
F > 15 mJy ms (Zhang et al., 2024). The extremely high burst rate revealed by dedicated deep
monitoring campaigns can be used to constrain coherent radiation models. For instance, the
popular synchrotron maser models (see Section 1.5) need well-ordered magnetic field lines in the
upstream regions of the shock. Clustered FRBs imply successive shocks moving into an already
shocked, hot medium with likely distorted magnetic field lines. The short waiting times, i.e. the
difference between the arrival times of consecutive bursts, challenge these models in terms of
whether coherent emission can occur with such brief intervals.

4All the CHIME/FRB bursts detected from the source, as well as from FRBs in general, are reported in the
CHIME/FRB Catalog 1, available at the following link: https://www.chime-frb.ca/catalog
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Statistically robust studies allowed by the collection of an high number of bursts, revealed
some interesting peculiar properties of the bursts emitted. Remarkably, the waiting-time
distribution of R1, FRB 20201124A and FRB 20220912A show a characteristic double peak
(Zhang et al., 2021; Hewitt et al., 2022; Zhang et al., 2023a), with the left peak (i.e. the one at
lower waiting time values) always being lower than the right one (see Figure 1.7). Interestingly, a
similar waiting-time distribution is observed for some soft gamma-ray repeaters (SGRs) (Gogiis
et al., 2000; Wang & Yu, 2017), which are a type of neutron star emitting strong X- and ~-ray
bursts at irregular intervals (see Kaspi & Beloborodov, 2017, for a review on SGRs), nowadays
definitively recognised as magnetars. Fitting this distribution with two lognormal functions,
Zhang et al. (2023a) find the two peaks at 18 s and 50 ms for FRB 20220912A. Similar values
are found for FRB 20201124A, with the left peak observed at 39 ms (Xu et al., 2022) and 53
ms (Zhang et al., 2022), as observed in two different burst storm episodes. In Xu et al. (2022)
the observed right (long-term) peak is ~ 135 s, i.e. approximately 10 times larger than 10.05 s
as measured in Zhang et al. (2022). This observed difference suggests that the waiting-time
distribution is not a universal property for a given source, but rather may depend or even
correlate with its activity level (Zhang et al., 2022). For R1, the bimodal distribution is still
evident but with a left peak at 3 ms (e.g. Hewitt et al., 2022). Overall, the origin of this
bimodality is still unknown, although it is plausible that it arises from absorption processes
during the FRB path into the magnetosphere of a magnetar, as well as in the IGM (see, e.g.
Xiao et al., 2024, for further details).

Another interesting feature relies in the energy distribution of repeating sources. Firstly,
during a burst storm from R1 observed with FAST, a bimodal energy distribution has been
reported (Li et al., 2021b). In particular, the latter can be well fitted at the low and high
energetic ends by a log-normal and a generalized Cauchy function, respectively, although for
high energies, i.e. Ei, > 10%* erg, also a simple power law with index o = 1.85 £ 0.30 well
approximates the distribution. Afterwards, the same bimodality has been reported from a burst
storm of FRB 20201124A (Zhang et al., 2022). The fact that these distributions show different
components could represent the hint for different emission mechanisms, emission sites or beam
shapes between low and high energetic bursts (Li et al., 2021b). Finally, for the same two
hyperactive repeaters, a flattening in the cumulative burst energy rate is observed (Hewitt et al.,
2022; Kirsten et al., 2024), resembling the cumulative luminosity distribution of the population
of one-off sources. We investigate better this phenomenon in Chapter 4, where we show that
also FRB 20220912A presents this type of flattening in its burst energy distribution.

Hyperactive repeaters represent the best candidates to study deeply the physical properties
of FRBs, given their high observed burst rates. Further high-cadence monitoring and statistical
analysis will be crucial in unraveling the complex physical processes at play and in refining
theoretical models of FRB progenitors.

1.3.2 Periodic FRBs and quasi-periodicities

The majority of repeaters known up to now have shown sporadic periods of higher bursting
activity. However long follow-up observations revealed that two repeating FRB sources, R1 and
R3, show remarkable periodicity in their emission. The latter manifests itself in the form of
periodic activity windows, when the source cyclically turns active for a certain time window
W, of time, and the onset has period P,. During the active state, no strict (e.g. pulsar-like)
periodicity is observed. The first FRB showing this behaviour is R3 (Pleunis et al., 2021a), for
which the source stays active for W, = 5.4 days, every P, = 16.3 £+ 0.12 days (Pleunis et al.,
2021a). Overall, the burst activity of the source remained approximately constant over ~ 4 years,
with a burst rate well described by a Poisson distribution (Sand et al., 2023). Soon afterwards,
periodicity was also claimed for R1 with an activity cycle of P, = 161 £ 5 days (Rajwade et al.,
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Figure 1.7: Waiting-time distribution of bursts detected with FAST at 1.4 GHz from the hyperactive
repeater FRB 20220912A. The grey dashed lines highlight the two peaks of the distribution of the
waiting times, which is clearly bimodal. The same feature is found for other two hyperactive repeaters,
i.e. R1 (Zhang et al., 2021) and FRB 20201124A (Hewitt et al., 2022). Credits to Zhang et al. (2023a).

2020; Cruces et al., 2021) in which the source stays active for approximately W, ~ 90 days.
Recently, another, shorter, 4.6 days periodicity has been found from the analysis of 1145 radio
bursts from R1, detected with multiple radio telescopes (Li et al., 2024). R1 showed several
burst storm episodes (e.g. Jahns et al., 2023). Up to now, such a periodicity has not been found
for other repeating sources (see e.g. Lanman et al., 2022, for the case of FRB 20201124A).

The rotation of a magnetar characterised by an ultra-long period has been suggested to
explain the 16-day periodicity of R3 (Beniamini et al., 2020). Such a magnetar is supposed to
have an age comparable to Galactic magnetars (i.e. ~ 1 — 10 kyr). Interestingly, this age is
consistent with the time it would take the magnetar to travel the observed spatial offset between
the R3 localisation region and a star-formation region (Tendulkar et al., 2017) (see Section 1.4
for details on R3 localisation). However, magnetars in our Galaxy have shown sporadic bursts
of activity, which is slightly in contrast with the Poissonian nature of the R3 burst rate. Other
models explain the observed periodicity in the form of a precessing flaring magnetar /radio pulsar
(Levin et al., 2020; Zanazzi & Lai, 2020) or a binary system, such as a pulsar in orbit with a
O/B type star (Lyutikov et al., 2020) or with a Be companion (e.g. Li et al., 2021c¢).

FRB periodicity has favoured multi-wavelength observations, permitting to plan multi-
telescope and multi-wavelength observations. Indeed, multi-wavelength observations conducted
between ~ 150 MHz (Pastor-Marazuela et al., 2021) and 6 GHz (Bethapudi et al., 2023) revealed
a chromatic pattern for the periodic emission of R3. In particular, within the R3 activity window,
high frequency bursts arrive systematically earlier than low frequency ones (Pastor-Marazuela
et al., 2021; Pleunis et al., 2021a). This behaviour is shown in Figure 1.8, where activity phases
from telescopes observing at different observing frequencies are reported. For example, bursts
detected by Apertif (Pastor-Marazuela et al., 2021) at 1.4 GHz occur ~ 0.7 days earlier than
CHIME/FRB bursts. The same chromatic property has not been observed in R1. Rather, the
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Figure 1.8: Frequency dependent activity windows versus phase for R3, obtained considering a period
of 16.3 days. The histograms represent the number of burst detections for different observing stations,
while solid lines represent the associated smoothed distributions. Credits to Pastor-Marazuela et al.

(2021).

phases seem to be randomly distributed as a function of the frequency °.

In addition to the long-term periodicities we have discussed so far, short-term quasi-
periodicities have also been observed. Here the “quasi” term means that there is not a strict
periodicity but rather a regular time separation between different sub-bursts. FRB 20191221A,
discovered by CHIME /FRB, showed a very long, W ~ 3 s, burst showing sub-burst structures
regularly separated in time (Chime/Frb Collaboration et al., 2022). The reported period of
the sub-bursts is 216.8 £ 0.1 ms, having a high 6.50 significance. Another interesting case is
FRB 20201020A, which emitted a ms-long burst with sub-bursts separated with a ~ 0.4 ms
quasi-periodicity, however at low significance (2.40) (Pastor-Marazuela et al., 2023). It is worth
noticing that these FRBs are (seemingly) one-off sources. The only repeater, at least up to now,
who showed quasi-periodic separations between sub-bursts is FRB 20200120E (Majid et al.,
2021). On the countrary, the hyperactive sources R1 and FRB 20201124A have not shown any
sub-burst periodicities, over thousands of bursts and long monitoring (Li et al., 2021b; Cruces
et al., 2021; Kirsten et al., 2024). The properties of quasi-periodic substructures observed in
FRBs could be used to infer the underlying rotation period of the magnetar (Kramer et al.,
2024), assuming it is confirmed that magnetars are responsible for FRB emission.

1.4 Host galaxies and precise localisations

The discovery of the repeating nature of R1 facilitated targeted observations on this source,
finally permitting the association between the FRB source and its host galaxy. This was the first
evidence that the source of FRBs indeed are at extragalactic distances, as already suggested by
their high DM values. Knowing the host galaxy of an FRB source is of fundamental importance
in order to shed light on FRB progenitor theories (see Section 1.5 for details). Indeed, certain
progenitors like, e.g., a younger one such as a magnetars, would be associated with star-forming

see M. Trudu’s Ph. D. Thesis, Section 1.4, https://iris.unica.it/handle/11584/359381.
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Figure 1.9: De-dispersed, dynamic spectrum of FRB 20191221A. Panel a shows the signal intensity as
a function of time and frequency. Frequency channels masked due to RFI are indicated in red. Panel b
represents the frequency-integrated pulse profile. An exponential model (red line) is used to model nine
peaks in the profile. Peaks locations are highlited with vertical gray lines. Panel ¢ shows the residuals
of the fit. Credits to Chime/Frb Collaboration et al. (2022).
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regions and so to late-type galaxies. Moreover, the FRB association to its host galaxy allows to
determine its redshift, enabling the use of FRBs as probes of the intergalactic matter content,
even without knowing what its actual progenitor is. The FRB-host galaxy associations were
possible through radio interferometric observations (e.g. Bannister et al., 2019; Ravi et al.,
2023), such as the VLA, the Australian Square Kilometre Array Pathfinder (ASKAP), the Deep
Synoptic Array (DSA-10), and the European very long baseline interferometry Network (EVN).
In particular, up to now only the EVN can reach milli-arcsecond spatial resolution, needed to
pinpoint FRBs within their hosts, so one can study in detail the local environments around the
FRB source.

R1 has been associated with an irregular, low-metallicity dwarf galaxy at redshift z ~
0.19273 4+ 0.00008 (Tendulkar et al., 2017; Bassa et al., 2017) via Very Large Array (VLA)
observations (Chatterjee et al., 2017), in which a 0.1 arcsecond accuracy was reached, enough
for the FRB-host galaxy association. Interestingly, a persistent radio source (PRS), spatially
coincident with the bursts position was also discovered (Chatterjee et al., 2017; Tendulkar et al.,
2017). Follow-up observations using the EVN permitted to precisely pin-point the FRB source
in the vicinity of a star-forming region inside the host galaxy, and to assess the position of the
FRB and PRS to be within ~ 40 pc (transverse physical offset). In particular, the properties of
the host galaxy of R1 are consistent with the hosts of superluminous supernovae (SLSNe)® and
long-duration ~-ray bursts (IGRBs), and therefore support the idea that the progenitor of R1 is
a young NS, or a magnetar (Bassa et al., 2017).

R3 was precisely localized 250 pc away from a knot of star-formation (Marcote et al., 2017,
Bassa et al., 2017; Tendulkar et al., 2021), in a relatively nearby galaxy with a redshift of
z = 0.0337. Given the time it would take for the progenitor of FRB 20180916B to travel
such a distance, theories that involve a young magnetar (with an age of 10 — 10° years) are
problematic. For context, the thickness of our Galaxy’s disk is only 20-30 pc (Olausen & Kaspi,
2014). Although this thickness is measured perpendicular to the plane of the disk, whereas the
offset of FRB 20180916B relative to the star-formation knot is along the plane, comparing these
distances assuming an isotropic natal kick of a neutron star is still informative. Consequently,
the most widely supported model involves a magnetar with a significantly older age (greater
than 50 million years) (Tendulkar et al., 2021).

Even more intriguing is the localization of FRB 20200120E, the nearest known extragalactic
FRB, in the spiral galaxy M81 (Bhardwaj et al., 2021b), only 3.37 Mpc away. Indeed, very
long baseline interferometry (VLBI) observations have shown that this FRB is located at a
projected distance of only 2 pc from the optical center of a globular cluster (GC) in M81 (Kirsten
et al., 2022a). Given that GCs host old stellar populations, the standard core-collapse magnetar
formation channel is unlikely (Kirsten et al., 2022a). However, magnetars can still be formed by
other formation channels, such as accretion-induced collapse of WDs or mergers of compact
binaries. These scenarios could still reconcile the bursts of FRB 20200120E as produced by a
relatively young magnetar in this location (Kirsten et al., 2022a; Kremer et al., 2023).

After the localisation of R1, 45 FRB sources (e.g. Gordon et al., 2023b), both one-off and
repeaters, have been associated with a host galaxy. The furthest FRB known up to now is FRB
20220610A, having redshift z ~ 1.017 (Ryder et al., 2023), and localised in a star forming host
galaxy being part of a compact galaxy group (Gordon et al., 2023a). In general, the majority of
FRBs have been associated to mildly star-forming galaxies. Indeed, other than the GC FRB,
FRB 20220509G has been localised in a quiescent, early-type galaxy at z = 0.0894 that belongs
to the galaxy cluster Abell 2311 (Connor et al., 2023; Sharma et al., 2023). These discoveries
pose challenges towards a single progenitor scenario for FRBs, but suggest that the majority
of FRBs could originate from young stellar populations, while some of them could originate

6A SLSN is a type of stellar explosion with a luminosity at least ten times greater than that of standard SN.
SLSNe are thought to be produced by various mechanisms, including millisecond magnetars.
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Figure 1.10: A sample of FRB host galaxies, with FRB localisation uncertainties marked with red
ellipses. For 3 repeaters known at milli-arcsecond precision, their position is shown as a red plus symbol.
Credits to Gordon et al. (2023b).
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from old stellar populations. Notably, no statistically significant differences were found between
repeaters and one-off sources in terms of stellar population properties in a sample of 23 localised

FRBs (Gordon et al., 2023b). Although the number of localised FRBs is still low to obtain a
good statistics, this could imply that the one-off vs. repeaters dichotomy is only apparent.

1.4.1 Persistent radio sources associated with FRBs

The milliarcsecond localisation precision achieved for some actively repeating FRBs (e.g.
Marcote et al., 2022) allowed the intriguing discovery of persistent radio sources (PRSs). A PRS
is a radio continuum source with position consistent with the FRB localisation coordinates, with
L, > 10%" erg s7' Hz™! (Law et al., 2017) and appears compact (e.g. < 10 pc for R1, Marcote
et al., 2017), i.e. non-resolved, at milli-arcsecond scales. These properties are inconsistent with
typical values inferred from star-formation processes. Up to now, only two confirmed PRSs are
known, both being associated with two actively repeating FRBs: R1 (Chatterjee et al., 2017)
and FRB 20190520B (R1-twin; Niu et al., 2022). These FRB sources are very similar in terms
of burst activity, host galaxy properties (Niu et al., 2022) and very high rotation measure” (RM,
Michilli et al., 2018; Anna-Thomas et al., 2023). In terms of spectral energy distribution (SED),
the known PRSs exhibit flat radio spectra, with a spectral index § ~ —0.27 for R1 (Marcote
et al., 2017) and 8 ~ —0.4 for R1-twin (Niu et al., 2022; Bhandari et al., 2023). In particular, the
SED of the PRS associated with R1 resembles the Crab (PSR B0531+4-21) pulsar wind nebula,
but with a magnetic field three orders of magnitude higher to match the implied energetics of
the PRS (Resmi et al., 2021). For these reasons the concordance picture for the radio emission
of their PRSs is a strongly ion-electron magnetized wind nebula powered by a young actively
flaring magnetar (Margalit & Metzger, 2018). Interestingly, VLBI observations of R1-twin
are also consistent with a hypernebula powered by the accretion of a central compact binary
system (Sridhar et al., 2024; Bhandari et al., 2023). A third putative PRS is the one associated
with FRB 20201124A, another very active FRB source (e.g. Zhou et al.; 2022). Observations
conducted with the VLA revealed the presence of a persistent, extended radio source coincident
with the FRB position (Piro et al., 2021). However, at milliarcsecond scales the same radiation
is completely resolved out (Nimmo et al., 2022a), ascribing the continuum radiation to extended
star formation occurring near the FRB environment (Piro et al., 2021).

Since the discovery of the two known compact PRSs, numerous radio observations were
conducted to monitor their flux variation over time. Regarding the PRS associated with R1, its
flux density at 3 GHz has been observed to vary by ~ 10% over day timescales, consistent with
the expected scintillation phenomenon in the MW (Chatterjee et al., 2017; Waxman, 2017).
However, on a timescale of about 3 years, Rhodes et al. (2023) reported a flux variation at 1.28
GHz of approximately 30%, potentially intrinsic to the source. Spectroscopic observations of
the Ha emission line conducted with the Keck telescope allowed Chen et al. (2023) to estimate
the mass of a hypothetical BH as the origin of PRS-R1 to be in the range of 10*=% M, using
stellar velocity dispersion measurements from the host galaxy. The measured radio luminosity
of this source appears to be too high for a BH of this mass, considering the general population
of active galactic nuclei (AGN) (Chen et al., 2023). Moreover, the level of flux density variation
seems inconsistent with scintillation if the source is an AGN. Regarding the PRS associated
with R1-twin, multiwavelength VLA observations have shown a putative ~ 20% decrease in flux
density at 3.20 level over a 1 yr timescale (Zhang et al., 2023c). However, VLBI observations
over 2 yr timescales have reported no flux variation (Bhandari et al., 2023).

In general, a stable and constant flux density after about 1 year disfavors the scenario where

"The RM quantifies the extent of Faraday rotation, i.e. the change in the polarization angle of linearly
polarized light as it travels though a magnetized plasma. It is proportional to the strength and direction of the
magnetic field along the LOS and the electron density in the invervening medium.
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Figure 1.11: EVN image of the PRS associated with R1 at 1.7 GHz (white contours). During the
observation, four bursts were detected. The red cross represents the localization of the strongest of
them, the gray crosses represent the localization of the other three, and the averaged position of all four
bursts is shown as a black cross. The lengths of the crosses indicate 1o uncertainty in each direction.
Contours start at a 20, with ¢ = 10 pJy the rms noise, increasing by factors of v/2. The color scale
shows the image at 5 GHz. The synthesized beam at 5 GHz is represented by the gray ellipse at the
bottom left, the one at 1.7 GHz is at the bottom right. Dashed contours represent negative levels.

Credits to Marcote et al. (2017).

22



the observed radio emission is caused by a young supernova remnant (Plavin et al., 2022). It
is interesting to note that the bursts emitted by R1 are almost completely linearly polarized,
while the PRS is unpolarized. This suggests that the PRS and the bursts do not share the same
nature, or rather, that the PRS cannot be viewed as a buildup of bursts with low signal-to-noise
ratio (S/N) (Gourdji et al., 2019).

The similarity between the PRSs associated with R1 and R1-twin motivated the search for
PRSs having high luminosity in nearby dwarf galaxies (Vohl et al., 2023; Dong et al., 2024). For
example, Vohl et al. (2023) searched for sources meeting these criteria in the LOFAR Two-Meter
Sky Survey (LoTSS) source catalog, with evidence that they are not radio AGNs. From their
results, it was possible to set a lower limit on the number density of compact radio sources at
arcsecond scales of 856 4= 150 Gpc—3 above a flux threshold of 0.8 mJy at 144 MHz. Considering
a sample of 15 localized FRBs with radio sensitivity limits that could allow the detection of a
PRS (including six repeating FRBs), Law et al. (2022) estimated that the presence of a PRS
could be up to 20% for repeating FRBs, as 2 out of the 6 repeating FRBs in their sample are
associated with a PRS.

1.5 FRB progenitors and emission models

The interplay between observational data and theoretical advancements is crucial for unravel-
ing the mysteries behind the FRB phenomenon. Technological advancements in radio telescopes
and arrays, most of all the CHIME/FRB experiment, have significantly advanced the FRB
research. CHIME not only reported the first discoveries of repeaters (although R1 was firstly
discovered by Arecibo), but also the first FRB source catalog® (CHIME/FRB Collaboration
et al., 2021). Now that the FRB sample is becoming large, i.e. for now ~ 103 sources known, and
sources become to be studied deeper both in time and spectral behaviour, observations can begin
to better investigate theoretical models for both FRB progenitors and emission mechanisms,
the latter, nowadays, still largely unconstrained.

Regarding progenitor theories, the most invoked are those that postulate that FRBs arise
from the flaring activity of strongly magnetized NSs known as magnetars (Duncan & Thompson,
1992; Rea & Esposito, 2011; Turolla et al., 2015; Kaspi & Beloborodov, 2017). The latter, as
opposed to pulsars, are not powered by their rotation, but instead by the decay of their strong
(10* — 10'¢ G), internal magnetic fields (Duncan & Thompson, 1992; Thompson & Duncan,
1995). Some observational evidences that magnetars could represent viable FRB progenitors
are, e.g., the high linear polarization of the majority of known FRBs (Qu & Zhang, 2023); the
high values of RMs of some highly active repeaters (e.g. Michilli et al., 2018; Niu et al., 2022),
which may indicate a complex and strongly magnetized environment near the FRB production
site; the spatial association of FRBs with star-forming regions (Bassa et al., 2017; Tendulkar
et al., 2017; Marcote et al., 2020) and, in general, with host galaxies having high specific star
formation rate (sSFR)? (e.g. Gordon et al., 2023b) and an high volumetric rate of magnetar
birth to explain the observed FRB rate (e.g. Nicholl et al., 2017; Cordes & Chatterjee, 2019).

But most of all, the FRB-magnetar connection was strengthened by the detection of
FRB 20200428, the first ever Galactic FRB-like event, simultaneously discovered by CHIME
(CHIME/FRB Collaboration et al., 2020) at 400 — 800 MHz and by the Survey for Transient
Astronomical Radio Emission 2 (STARE2) at 1.4 GHz (Bochenek et al., 2020). Simultaneously,
an X-ray burst was detected (Mereghetti et al., 2020; Ridnaia et al., 2020; Li et al., 2021a; Tavani
et al., 2021), and identified with the soft gamma repeater J1935+2154 (SGR1935 —hereafter),
one of the most active known magnetars (Stamatikos et al., 2014; Lien et al., 2014; Cummings,

8https://www.chime-frb.ca/catalog
9The latter is defined as the amount of SFR divided by the stellar mass of the host galaxy.
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Figure 1.12: INTEGRAL 20-200 keV light curve (solid gray line) of the X-ray burst emitted by
SGR J1935+2154. The orange line represents the position of the CHIME radio bursts, of which the
de-dispersed dynamic spectrum is reported in the inset on the upper-left corner. The inset on the right
shows a zoom-in on the burst arrival times, highlighting the proximity of the radio pulses to their X-ray

counterparts. Adapted from Mereghetti et al. (2020); CHIME/FRB Collaboration et al. (2020).

2014; Kozlova et al., 2016; Younes et al., 2017). The simultaneous radio-X-ray detection of FRB
20200428 is represented in Figure 1.12, where the X-ray INTEGRAL light curve is reported,
along with the arrival times of the CHIME burst. FRB 20200428 had an isotropic radio energy
of Esar ~ 2 x 10** erg (Bochenek et al., 2020; Margalit et al., 2020b), which is ~ 4-5 orders
of magnitudes higher than GPs from known pulsars (see e.g., Kuzmin, 2007) and ~ 1 order
of magnitude lower than the least energetic extragalactic FRB (FRB 20200120E, Bhardwaj]
et al., 2021b). As shown in Figure 1.12, the X-ray bursts arrive 6.5 + 0.1 ms after the radio
pulses (Mereghetti et al., 2020), if one associates the CHIME bursts to the first and second
X-ray peaks. Instead, if one associates them to the second and third peaks, then the implied
delay becomes approximately 35 ms. In any case, the close time coincidence of the radio and
X-ray emission are somewhat preferred by magnetospheric models (see, e.g., Lyutikov, 2002;
Lyubarsky, 2020), but can be explained also for bursts originating at very large distances from
the surface of the NS (Beloborodov, 2020; Margalit et al., 2020b).

Despite the evidence, no galactic magnetar showed long periods of bursting activity, especially
at radio wavelengths, as the long-lived ones observed from, e.g., R1 for ~ 11 years up to now, or
R3. The latter can be explained e.g., by considering a different type of magnetars than those
known in our Galaxy, younger and with stronger magnetic fields (Beloborodov, 2017; Metzger
et al., 2017; Margalit et al., 2020b). Moreover, the localisation of some FRBs in older stellar
environments (e.g. Xu et al., 2022), with the most notable case of the closest FRB known,
pin-pointed to a GC of the nearby galaxy M81 (Bhardwaj et al., 2021b; Kirsten et al., 2022a) are
inconsistent with a core-collapse origin for the putative central magnetar. Still, it is theoretically
possible to find magnetars also in GCs, born via non-standard, exotic formation channels such
as, e.g., the accretion induced collapse (AIC) (Ablimit & Li, 2015; Ye et al., 2019) of a white
dwarf (WD). In this scenario a millisecond pulsar, spun up subsequently from the accretion,
with a strong magnetic field is supposed to form. Alternatively, the merger induced collapse
(MIC) of a WD-WD system, as the latter dominate the centre of GCs (Kremer et al., 2021), is
consistent with observations.

Among alternative FRB progenitor models there are those that explain FRB emission, in
particular the one presenting periodic repetition, via accretion-based mechanisms onto a central
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compact object like a BH or a NS (Waxman, 2017; Sridhar et al., 2021; Deng et al., 2021). In
particular, Sridhar et al. (2021) show that FRB luminosities, rates and short durations can be
explained by relativistic outflows powered by a compact binary with super-Eddington mass
transfer. This type of progenitors are very similar to ultra-luminous X-ray sources (ULXs), i.e.
accreting binary systems having X-ray luminosities Lx > 103 erg s™!, significantly higher than
any X-ray luminosity emitted by stellar processes (see, e.g. Fabbiano & Trinchieri, 1987; Kaaret
et al., 2017).

As already described in Section 1.2.2; the short burst duration, combined with the large
amount of energy radiatiated out, suggests a compact celestial object as the origin of FRBs,
the latter being produced via coherent emission processes in which all the particles emitting
the radio waves oscillate together. The emission models proposed for the FRB production are
generally of two classes, differentiating whether the emission is supposed to occur near the
surface of the NS (close-in models) or at a large distance from it (far-away models) (see, e.g.,
Lyubarsky, 2021, for a review on FRB emission mechanisms). The former explains the FRB
emission as occuring within the NS magnetosphere (Pen & Connor, 2015; Cordes & Wasserman,
2016; Lyutikov et al., 2016; Kumar et al., 2017; Lu & Kumar, 2018; Yang & Zhang, 2018; Kumar
& Bosnjak, 2020; Lyubarsky, 2020; Wang et al., 2020). One of the foremost contenders among
these models is the coherent curvature radiation model, in which relativistic bunches of charged
particles (i.e. electrons and/or positrons), contained in a spatial region of a wavelength size, are
accelerated along the curved magnetic field lines (see, e.g., Ghisellini & Locatelli, 2018). The
main predictions of this model are the preferred ~ GHz emission band for FRBs and a weak or
even absent X/~-ray counterpart (Ghisellini & Locatelli, 2018). The short duration of FRBs
is a strong indication for a close-in emission mechanism. Another example for close-in models
explain the FRB emission as originating from magnetic reconnection in the outer magnetosphere
during a magnetar flare (e.g. Lyubarsky, 2020). On the other hand, far-away models usually
involve the interaction between a magnetized surrounding plasma (at several stellar radii) and a
relativistic shock wave generating from the central engine (e.g. a NS or a BH) (Lyubarsky, 2014;
Waxman, 2017; Beloborodov, 2017, 2020; Metzger et al., 2019; Margalit et al., 2020a). As the
shock wave moves through the magnetized plasma, it can trigger a synchrotron maser instability,
where electrons gyrating in the magnetic field emit coherent radio waves (e.g. Metzger et al.,
2019). The maser process amplifies the radio emission, leading to the extremely bright bursts
observed as FRBs. As already mentioned, the short duration of FRBs seems to indicate an
emission origin close to the surface of the central engine, but still one can recover such short
durations from shocked "patches" of plasma in the far-away model context.

Interestingly, the narrowness of FRB spectra can be linked to the underlying FRB emission
mechanism. Indeed, Kumar et al. (2024b) show that many processes, intrinsic to the emission
mechanism or extrinsic to it, i.e. operating between the FRB source and the observer, can
contribute to modify the spectrum and make it narrower than it was at the emission time in the
rest-frame of the source. Examples of the latter are the plasma lensing phenomenon on radio
waves traveling through a refractive plasma (e.g. Cordes et al., 2017), the latter causing high
magnification over small bandwidths, multi-path propagation (i.e. scintillation), caused by an
inhomogeneous plasma screen between the FRB and the observer. In more detail, the variation
of the bandwidth of repeater bursts over time can be used to assess whether the narrowness of
its burst spectra is actually due to the plasma lensing effect. Assuming that the lens is located
in the strongly magnetised circumburst region, we expect that bursts from repeaters should
present a varying bandwidth over time, as the magnetic field configuration in that region is
probably very complex (e.g. Michilli et al., 2018). Therefore, if the bursts from a given repeater
present steady narrow bandwidths over time, this could be an indication that this feature is
intrinsic of the radiation mechanism rather than originating from propagation effects (Kumar
et al., 2024b). Moreover, if narrow-band bursts are due to strong magnification plasma lensing,
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it is possible to show that close-in models are preferred. Indeed, Kumar et al. (2024b) show
that far-away models predict bursts with spectra not narrower than x> ~ 0.6, as a consequence
of high-latitude effects, since the angular size of the source in this case is larger or comparable
to the Doppler beaming angle v~!. Instead, for magnetospheric models, the source angular size

is likely much smaller than .

1.6 FRBs as an independent cosmological probe

Given the extragalactic nature of FRBs, and given the fact that the DM can be exploited as
a proxy for the distance of the source (see, e.g., Section 1.2.1), one can employ FRBs to probe
some key properties of our Universe on large scales. By localising more and more FRBs, more
and more redshifts will be known, mapping the three dimensional distribution of baryonic matter
of the Universe. The key observable is the DM of the burst, which encodes, via the dominant
contribution of IGM electrons, the integrated amount of ionised matter along the LOS. This
quantity, in particular its mean value, is predicted theoretically by the ACDM model, which
in turn is described by fundamental cosmological parameters. Henceforth, by estimating the
DM;gm contribution and by measuring the host redshifts, one can constrain these parameters in
an independent way. In this regard, independent probes are fundamental in cosmology to shed
light on tensions like the long-standing tension at 4.40 on the Hubble constant, H,, governing
the expansion rate of the Universe, between early- (e.g. CMB) and late (e.g. SN Ia) epoch
cosmological probes (but see e.g. Abdalla et al., 2022, for a complete review on the topic). One
hypothesis is that tensions represent the need for a new physics in the ACDM model, or that
they suggest the presence of systematic uncertainties not taken into account. To lower the latter
one can opt for the combination of different cosmological probes, which are sensitive to the
same cosmological parameters (e.g. Gawiser & Silk, 1998; Webster et al., 1998; Bridle et al.,
1999; Dark Energy Survey Collaboration, 2018; Pelliciari et al., 2023a). Upcoming instruments
should provide O(10%) FRBs/yr (e.g. Vanderlinde et al., 2019), making it realistic for FRBs to
become a competitive probe for the key parameters governing the ACDM model independently
to both early— and late type cosmological probes. Note that it is not necessary to know what is
producing FRBs to exploit them as a cosmological probe. In the following, I briefly describe the
ACDM, and then I show how FRBs can effectively constrain cosmological parameters.

1.6.1 Constraints on cosmological parameters

The dominant cosmological information is encapsulated in the IGM contribution of the DM
of FRBs (see Section 1.2.1). Its mean value towards a redshift z is predicted theoretically in
the ACDM model, and can be expressed as (Deng & Zhang, 2014; Gao et al., 2014; Zhou et al.,
2014):

where
X(2) = ¥iXen(2) + 3% Xene(2)
E(z) = [Qu(1 4+ 2)* + Qag(z) + (1 + )42 (1.25)
g(z) = exp [3 /OZ 11+Tw(;/>dz’] 7

and X.p and X, g are the fraction of ionized hydrogen (H) and helium (He), respectively,
1

in the IGM, while Yy = % and Y, = 7 are the mass fraction of H and He. Similarly, fiqu is
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Figure 1.13: The DM osmic-redshift relation for a sample of well localised FRBs (coloured squares).
Here DM ogmic represents the IGM contribution to the dispersion measure, obtained after correcting the
observed FRB DM for the Galactic DM and host galaxy DM contirbutions. The black line denotes the
expected IGM contribution to the DM as from equation (1.24), considering cosmological parameters
from Planck 15 results (Planck Collaboration et al., 2016). The shaded area covers 90% of the DM osmic
values predicted by a model incorporating ejective feedback in Galactic halos. Credits to Macquart
et al. (2020D).

the fraction of baryon mass in the IGM, which is close to fign = 0.8 (e.g. Shull et al., 2012).
Q). denotes the density parameter associated to the Universe curvature, while the dark energy
density parameter, €25, derives from the flat Universe constraint, i.e. Qy =1 — €, — Q. The
g(z) function encapsulates the variation of the dark energy EoS parameter w, defined as the
ratio between the dark energy pressure and energy density. In the standard ACDM model, w
is fixed to the constant value of —1. However, many cosmological models extends the ACDM
considering a varying w with redshift, as parametrized by (Chevallier & Polarski, 2001):

z
14z

w(z) = wy + W, (1.26)

In this fashion, one can constrain cosmological parameters considering a varying wy (the
model will be woCDM) and a varying w, (wow,CDM). In the so-called flat ACDM model,
(wo, w,) = (—1,0).

The relationship between DM and redshift is known in the literature as the “Macquart
relation”, in honour to the astrophysicist Jean-Pierre Macquart, who was the first to actually
show that the DMs of known FRBs follow this relation with the redshifts of their host galaxies
(Macquart et al., 2020b). Interestingly, the DMs of 5 well-localised FRBs were consistent with
the expected DMjgm — 2 relation from Planck 15 results (Planck Collaboration et al., 2016)
(see Figure 1.13). This has been a remarkable result, since it permitted to shed light on the
so-called missing baryon problem, i.e. the observed discrepancy between the amount of baryonic
matter measured from the cosmological microwave background radiation (CMBR) and Big Bang
nucleosynthesis, and from more recent epoch measurements (see, e.g., de Graaff et al., 2019).
The latter show a deficit in the amount of baryons by approximately ~ 30% (Shull et al., 2012).
A proposed solution is that the remaining, missing baryons reside in the ionised phase of the
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IGM, rather than inside galaxies, especially in the warm and hot ionised medium (WHIM).
Since FRBs’ DMs are sensitive to the amount of ionised matter along the LOS, the fact that
the results of Macquart et al. (2020b) are consistent with theoretical predictions from CMBR
+ Big Bang nucleosynthesis point towards the confirmation of this hypothesis. In particular,
Macquart et al. (2020b) constrained the baryon density parameter to {, = 0.05170 055 k7o at
95% confidence level (C.L.), where hyq is the Hubble constant divided by 70 km s™! Mpc™,
using only localised FRBs.

We can see from equation (1.24) that the mean DM contribution coming from the IGM is
not-so sensitive to ,,,, given the integral over z. This quantity, namely (DMjgm)(2), instead,
depends linearly on the product €2, H,, making FRBs an important independent probe to
constrain the value of Hy. However, given the dependence on their product, Q,h? and H, are
totally degenerate parameters. This means that the latter cannot be constrained only by FRB
observations. Given this degeneracy, one has to consider the combination of other cosmological
probes with FRBs in order to break this degeneracy. For example, Walters et al. (2018) show
that one can obtain per-cent precision constraints on €,h? when combining them with CMB +
SN Ia + baryonic acoustic oscillations (BAOs).

In order to measure the value of DMjgym one has to accurately estimate the host galaxy and
MW DM contributions, which can lead to high uncertainties. Using a sample of nine localized
FRBs with known redshifts, Hagstotz et al. (2022) obtained Hy = 62.3 £ 9.1 km s™! Mpc™!. A
more robust analysis of sixteen localized FRBs and 60 unlocalized FRBs, taking into account
important biases such as, e.g. the FRB luminosity function, the telescope beamshape and the
host DM contributions led to Hy = 73%%? km s™' Mpc~' (James et al., 2022a). Regarding the
dark energy EoS, Zhang et al. (2023b) show that only for 10° localized FRBs it will be possible
to reach a per-cent uncertainty level on the EoS w parameter, using FRBs alone.

1.6.2 Other relevant constraints

Other than offer constraints to cosmological parameters, FRBs are already used (as for the
case of the missing baryon problem) to investigate more astrophysical-related aspects, such as
the distribution of matter in the halos around galaxies, or to probe large-scale magnetic fields
and turbulence.

Turbulence and large-scale magnetic fields. Starting from the turbulence, in this case
the key observable is the scattering tail seen in many FRBs (see Section 1.2.2), indicative
of a multi-path propagation in an inhomogeneous plasma. Hence, FRBs are sensitive to tur-
bulence on scales that can be as large as the IGM scale, the largest in our Universe. It has
been observed that FRBs are much less scattered, by approximately one order of magnitude,
than pulsars (Cordes et al., 2016), indicating that the IGM has minor turbulence impact than
the ISM. It is still under debate whether the observed temporal smearing of FRBs is caused
mainly by the IGM or by the ISM of the MW and host galaxy of the source. Interestingly,
the temporal smearing due to the host galaxy and the one caused by the propagation within
the IGM have very different expected dependence on the redshift (Macquart & Koay, 2013),
with the contribution from the host decreasing steeply with increasing redshift. Up to now, no
evidence for such relationship has been found for a sample of localized FRBs (e.g. Qiu et al.,
2020; Cordes et al., 2016), although the statistics considered is still poor and, many times,
the time resolution adopted for FRB observation is too wide to probe (expected) scattering times.

The joint information on DM and RM from the same FRB observation can also lead to

important constraints regarding the large-scale magnetic fields permeating the Universe (e.g.
Piro & Gaensler, 2018). The origin of such large-scale magnetism, along with its impact on
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galaxy formation is nowadays largely unknown and usually is treated theoretically (e.g. Springel,
2010; Rodrigues et al., 2019). By measuring both the DM and RM of an FRB, one can have a
proxy for the integrated magnetic field strength parallel to the LOS (e.g. Lorimer & Kramer,

2004):
fd Bydl RM DM o
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One has to keep in mind that this is only an averaged value for B, hence in a situation
in which the latter changes sign repeatedly along the LOS the value obtained from equation
(1.27) will represent a poor reflection of the true, underlying magnetic field. Interestingly, RM
variations with time of repeating FRBs can lead to important clues on the local magnetic field
configuration at the source site (Yang et al., 2023).

Already some constraints from single FRBs have been presented in the literature. For
instance, Masui et al. (2015) show that the measured RM = —186 + 14 rad m~2 observed from
FRB 20110523A implies (B);) ~ 0.38 uG. As for the potential in becoming a precise cosmological
probe, > 10® FRBs with precisely measured RMs are required to distinguish between models
for the IGM magnetic field seed (Akahori et al., 2016; Vazza et al., 2018).

Reionisation history of the Universe. Remarkably, the measure of the maximum DM in
the FRB population can help shed light on the reionisation history of the Universe. Small
primordial fluctuations in the global matter density field lead to temperature fluctuations
(AT ~ 1075 K) in the CMBR at z ~ 1100. The latter grow through gravitational interaction,
resulting in dark matter halos. Within these halos, baryonic matter (gas) subsequently accretes,
cools, and collapses into the first compact, luminous objects. The period from the CMBR
(i.e. recombination) to the formation of the first luminous objects is called the Dark Ages,
about which we know nothing due to the lack of direct observations. The formation of the
first luminous sources changes the nature of the IGM, heating and reionizing it. Before this,
the IGM was completely neutral, whereas it was fully ionized before recombination. This
formation period is commonly known as the Cosmic Dawn. From this, the Universe starts to
be ionised again, in a period called reionisation. Measurements of the Gunn-Peterson effect '’
and the optical depth parameter of the CMB indicate that reionization ends at a redshift of
z ~ 7, while the formation of the first luminous sources is thought to occur between z ~ 25-30.
Beniamini et al. (2021) show that the maximum DM measured from a population of 1000
FRBs having DM > 6000 pc cm™3, can characterise the reionisation history of the Universe
better than the current measurements from CMBR optical depth (Pagano et al., 2020). A
smaller sample of FRBs, 100 localized FRBs, originating from redshifts 5 < z < 15, could con-
strain (at 68% C.L.) the CMB optical depth to within 11%, and the midpoint of reionization to
4%, surpassing current state-of-the-art CMB bounds and quasar limits (Heimersheim et al., 2022).

Fundamental physics. Lastly, the dispersive nature of FRBs can be used to place con-
straints on fundamental physics. Indeed, additional contributions to the »~2 behaviour expected
from dispersion in a cold plasma (see Section 1.2.1) could arise from a non-zero rest mass of
photons (Bonetti et al., 2016; Xing et al., 2019; Lin et al., 2023; Ran et al., 2024), and/or
the violations of the Einstein Equivalence Principle (Wei et al., 2015; Tingay & Kaplan, 2016;
Zhang, 2016; Xing et al., 2019). A violation of the latter would imply that photons of different
energies fall at different rates when traversing gravitational potentials. Instead, a non-zero
photon mass would result in a dispersion relationship in pulse propagation as a function of

10The Gunn-Peterson effect is the complete absorption in the spectra of distant quasars caused by neutral
hydrogen in the intergalactic medium.
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frequency. The absence of such a delay provides a direct constraint on the photon mass. Up
to now, the most stringent constraint on the rest mass of the photon is provided in Ran et al.
(2024), who obtained m. < 3.5 x 107! kg analysing the bursts of localized FRBs employing a
machine learning, cosmology-independent model. Regarding the Einstein Equivalence Principle,
Xing et al. (2019) constrained equivalence principle violations to nearly one part in 10'° by
analyzing the time delay between downward drifting pulses of R1.
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Chapter 2

Observing FRBs with the Northern Cross
radio telescope

In this Chapter, I summarize the ongoing effort to transform the Northern Cross (NC) radio
telescope into an instrument for FRB surveys, operating at 408 MHz. Since the start of the
Northern Cross Fast Radio Burst (NC-FRB) project, back in 2018, scientific results have been
published in refereed journals (Locatelli et al., 2020; Trudu et al., 2022; Pelliciari et al., 2023b,
2024a). Ongoing efforts on both the instrument development and scientific research fronts aim
to further advance the capabilities and scientific reach of the project. At the start of my Ph.
D. (1*" Nov. 2021), the working number of receiving cylinders was six (see Section 2.1 for
details), while at the time of writing we exploit 16 cylinders for daily FRB observations. A
timeline history regarding the status of the NC-FRB project is shown in Figure 2.1 Moreover,
at the beginning of my Ph.D., the scheduling of multi-target observations was difficult due to
hard-coded scripts. Therefore, I focused on this aspect and worked on developing codes (written
in Python and Bash) that enabled easy scheduling of multi-target observation campaigns, which
are used daily within the NC-FRB project for observations. This Chapter is outlined as follows.
In Section 2.1 I briefly describe the NC radio telescope as a searching FRB instrument, providing
also some of its historical remarks. In Section 2.1.1 I present the NC-FRB project, while in
Section 2.2 I describe how FRB observations are conducted within the NC-FRB project, with
particular interest on the pipelines developed during my Ph. D. aimed at facilitating both the
observation scheduling and the FRB candidate selection.

2.1 The Northern Cross

The NC (Croce del Nord, in italian) is a T-shaped radio interferometer operating at 408
MHz, located at the Medicina Radio Astronomical Station near Bologna, Italy (Figure 2.2). Its
arms are oriented in the North-South (N-S) and East-West (E-W) directions. It is a transit
radio telescope, that can be steered only in the declination direction, allowing to observe only
sources that are culminating at the local celestial meridian. Historically, the NC has been used
for sky surveys, generating numerous catalogs of extragalactic radio sources. In particular, just
after 6 years from the first light, a catalogue of 3235 extragalactic radio sources down to a flux
completeness of 0.2 Jy was published (Colla et al., 1970), called B2.1 catalogue, with a flux
limit at least five times lower than that of the major catalogues available at the time. Over the
next three years, systematic observations continued, resulting in the publication of the B2.2
(Colla et al., 1972) and B2.3 (Colla et al., 1973) catalogues, both complete down to 0.25 Jy, and
the B2.4 catalogue (Fanti et al., 1974), complete down to 0.6 Jy. Collectively, the B2 catalogues
included 9923 radio sources, achieving significant recognition with approximately 600 citations.
As an example of the significant impact of the B2 catalogue, it is worth noting that by analyzing
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Figure 2.1: Status and performance of the first 6 years of the NC-FRB project. The red axis refers to
single FRB bursts, not different sources. Indeed, the red curve is dominated by the multiple detections
on FRB 20220912A, a single hyperactive repeater (see Chapter 4). The steep rise of the red curve is
also a consequence of the change to 16 operating cylinders. The shaded blue bar represents the time
during my Ph. D.

Figure 2.2: The Medicina Radio Astronomical Station located at Medicina, near Bologna, Italy. Visible
in the picture are the NC antennas and the Medicina “Grueff” single dish to the right side. Credits to
Locatelli et al. (2020).
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Table 2.1: Characteristics of the current NC observational system. These parameters refer to a system
composed only by the N-S arm. The last three parameters describe the acquisition system used when
used to form a single beam.

N. of working receiving cylinders 16

N. of analog receivers per cylinder 4

N. of frequency channels 1024
Channel width 14.4 kHz
Central frequency 408 MHz
Analogue bandwidth 16 MHz
Single receiver field-of-view 38 deg?
Time resolution 138.24 us
N. bits 16

N. coarse channels 21
Throughput 311.11 Mb s~ 1

the number of radio sources as a function of flux density (the logN — logS relation), important
evidence was provided supporting the idea that the Universe evolved according to the “Big
Bang” model. Although this was already established with the discovery of the CMBR (Penzias
& Wilson, 1965), the results from the B2 catalogue offered further confirmation of this theory
(Colla et al., 1972). In 1985, a new survey utilizing the N-S arm led to the publication of the
B3 catalogue (Ficarra et al., 1985). This comprehensive catalogue listed 13354 radio sources,
complete down to 0.1 Jy, covering an area between declinations +37°15" and +47°37’. Finally, in
the early 1990s, a specialized system was developed and implemented for observing millisecond
and sub-millisecond pulsars using the E-W arm (D’Amico et al., 1996). This system enabled
the observation of a sample of radio pulsars in coordination with the Compton Gamma-Ray
Observatory mission (Gehrels et al., 1994) from 1991 to 1995. Through the analysis of the pulse
profiles, the values of the period, period derivative, and position of 55 pulsars were determined.

The N-S arm features 64 reflective cylinders, each measuring 7.5 x 23.5 m, and focusing
incoming radiation onto 64 dipoles along the focal line. The effective collecting area of the
instrument is approximately 8000 m?, when considering an antenna efficiency of 0.71 (Bolli
et al., 2008). The work of Locatelli et al. (2020) describes how the focal line of sixteen cylinders
has been modified to group the signals from sixteen dipoles, providing four analog signals per
cylinder and 64 receiving inputs for the upgraded section. All the principal properties of the
receiving system used for current observations are summarised in Table 2.1. These inputs are
connected to a front-end, which is mounted on the focal line, hosting low noise amplifiers and
optical fiber transmitters (Perini, 2009). Since 2021 March 21", from six employed cylinders,
the NC transitioned to eight cylinders (Trudu et al., 2022). From 2023 May 17* (Pelliciari
et al., 2024a) the available cylinders changed to 16, for a total of 64 receiving signals. In the
near future both the NC arms will be operative for FRB science, but at the writing of this
Thesis, only part of the NS arm is ready.

2.1.1 The NC-FRB project

Despite the receiving system still being under refurbishment and commissioning, the NC-FRB
project has already made significant progress in advancing its observational capabilities and
scientific contributions in studying FRBs. Before my involvement, the project had already
achieved considerable milestones, particularly highlighted in the works of Locatelli et al. (2020)
and Trudu et al. (2022).
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Locatelli et al. (2020) detailed the early stages of equipping the NC radio telescope for
FRB surveys at 408 MHz. In this work the receiving system is described in details, along with
the first system validation via the successful observation of the bright radio pulsar B0329+-54.
Moreover, the potential of the NC in being a blind FRB survey is described, showing how its
wide field-of-view (~ 350 deg?® exploiting all the 64 N-S cylinders, and forming 20 independent
beams, Locatelli et al., 2020) will be exploited for constraining the all-sky FRB-rate as well as
the slope of the FRB energy distribution.

Trudu et al. (2022) presented the first successful detections of FRBs using the NC radio
telescope, following an extensive 19-month observational campaign targeting four repeating
FRBs: FRB 20180916B, FRB 20181030A, FRB 20200120E, and FRB 20201124A. During this
period, the system was upgraded from six to eight cylinders, improving the sensitivity and
detection capabilities. Before the upgrade, a single burst from FRB 20180916B was detected
with a fluence threshold of 51 Jy ms. After the upgrade, two additional bursts from the same
source were observed, with a lower fluence threshold of 38 Jy ms, confirming the source’s
periodicity within its 5.2-day activity window. The observed burst rate was consistent with
the expected rate based on CHIME/FRB data (Chime/Frb Collaboration et al., 2020). No
detections were made for the other three FRBs, but the study provided constraints on the slope
of the differential fluence distribution for FRB 20181030A and FRB 20200120E, suggesting
steep slopes.

Two additional NC-FRB projects are presented in Chapter 3, based on Pelliciari et al.
(2023b), and Chapter 4, based on Pelliciari et al. (2024a).

Moreover, NC observations also played a crucial role in multi-wavelength observational
campaigns. For instance, Pilia et al. (2020) utilized the telescope as part of a multi-wavelength
monitoring on R3, while Bailes et al. (2021) considered NC data for a multi-wavelength campaign
on the Galactic magnetar SGR 1935.

2.2 FRB observations

In the following I describe the entire chain between data acquisition within the NC-FRB
project, and the final FRB candidate validation.

2.2.1 Data acquisition

The radio signals are transmitted to the station building via analog optical fiber links.
The RF receiver manages optical-electrical conversion, filtering, amplification, conditioning,
and single down-conversion to an intermediate frequency (IF) of 30 MHz, with output power
digitally attenuated in steps up to 31.5 dB. A splitter chain distributes local oscillator, clock,
and synchronization signals to the IF circuitry.

Digital acquisition and signal processing are handled by the Analog Digital Unit (ADU)
board, a digital platform developed for the Low Frequency Aperture Array (LFAA) component
of the Square Kilometre Array (SKA). The ADU includes sixteen dual-input Analog to Digital
Converters (ADCs) and two Field Programmable Gate Array (FPGA) devices, digitizing and
processing broadband RF streams from up to 32 single polarization antennas at an 800 MHz
sampling rate. Time-stamped samples are synchronized to coordinated universal time (UTC),
with signal processing performed on the FPGAs. The modular firmware design incorporates
interfaces to physical peripherals and control structures, while the signal processing core manages
tasks like cable mismatch correction, channelization, delay correction, and frequency domain
beamforming. This setup allows the generation of a single beam! with a minimum integration

LAt the writing of this Thesis we form only a single beam. However, in the near future it will be possible to

34



time of about at 1.08 microseconds integration time and a frequency resolution of 781 kHz. The
latter case is used for current FRB observations and, indeed, throughout the analyses reported
in this Thesis we formed only one beam in the sky. We then apply a downsampling in order
to have a 138.24 us sampling time and a 14.4 kHz frequency resolution, chosen to reduce the
intrachannel smearing for high DM events (Trudu et al., 2022).

Data streams, transmitted over a 40 Gb link using a custom SPEAD protocol, are received by
a compute server capable of processing different simultaneous data streams. These streams are
stored using a simple binary format for calibration and monitoring purposes, and the frequency
channels of interest are saved using a modified SigProc Filterbank format, enabling efficient
real-time data writing and conversion.

In addition to the primary observations conducted with the NC radio telescope, my Ph.
D. work also involved the enabling of the Medicina “Grueff” single dish radio telescope (Mc
radio telescope, hereafter) for the study of FRBs and pulsars. I managed the installation and
testing of FRB-BASEBAND?, a public pipeline designed to convert baseband VDIF data (i.e. raw
voltages) from single-dish radio telescopes into channelized filterbank files. This development
was crucial in enabling the detection of fast transients using this telescope. Although we
have not yet achieved a confirmed detection of an FRB with the Mc radio telescope, we have
successfully detected single pulses from the pulsar B0329-+54 (see Figure 2.3) and we conducted
an extensive observational campaign utilizing both telescopes on an active repeater (refer to
Chapter 4). This collaborative effort between the two facilities has provided valuable insights
into the characterisation of both spectral and energetic properties of this source.

2.2.2 Calibrations

To calibrate the receiving system of the Northern Cross and enable observations of fast
transients, we describe the calibration tests usually conducted before actual observations. These
tests are extensively detailed in Locatelli et al. (2020), but we will provide a summary here.

The calibration procedure follows the standard method used in interferometric observations.
The complex voltages of each pair of receivers are cross-correlated to form complex visibilities:

Vig = (Wi(t)v;(8) ) ar (2.1)

where () o¢ represents the average over an integration time At, while the * operator represents
the complex conjugation operation. The visibilities in Eq. (2.1) are ideal, while the instrument
records visibilities corrupted by the response of the receivers. These recorded visibilities, referred
to as observed visibilities, are related to the ideal ones through the so-called complex gains g:

VE(t,v) = gilt, 1), (t,0)° Vi (2.2)

The purpose of the calibration procedure is to determine the gains g, which can be obtained
once the ideal visibilities are known. This is achieved by observing sources, known as calibrators,
whose properties are well established.

As described in Locatelli et al. (2020); Trudu et al. (2022), we use two bright radio sources,
i.e. Taurus A (Tau A) and Virgo A (Vir A) as calibrators for our purposes. We steer the
telescope towards the declination of each source, performing a standard on-off observation. In
the latter, we estimate the background noise contribution and we subtract it from the observed
power when the sources are within an hour angle —2° < ¢ < +2°. For each source, we fit a
Gaussian function to the profile full width at half-maximum (FWHM) for 21 frequency channels

form multiple beams inside the field-of-view of the NC radio telescope, permitting to increase the localisation
capability of the telescope.
’https://github.com/pharaofranz/frb-baseband
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Figure 2.3: Single pulse detection of PSR B0329+54 with the Mc radio telescope at 1.4 GHz. The
main panel shows the dynamic spectrum, incoherently de-dispersed at DM = 26.7641 pc cm ™ (as
reported in Manchester et al., 2005), while the top panel shows the frequency-averaged time series. The
estimated S/N of the burst is ~ 33. Evident in the dynamic spectrum is the main pulse of the pulsar,
preceded by two narrower and fainter sub-pulses.
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Figure 2.4: Observed profile of the bright pulsar PSR B0329+54 at 408 MHz with the NC radio
telescope. Left: intensity profile as a function of the rotational phase and frequency channels, integrated
over 10 s. Right: intensity profile as a function of the rotational phase and single-pulse time (~ 700 ms)
over the 16 MHz bandwidth.

equally spaced across the NC bandwidth. We estimated the conversion between counts and
Jy for each channel from the best fit amplitudes and assuming a flux density for each source
following Perley & Butler (2017). The assumed values for the flux density of calibrators are
1078 Jy and 569 Jy for Tau A and Vir A, respectively (Perley & Butler, 2017) .

Finally, we estimate the instrument SEFD from each source by solving the radiometer Eq.
(1.15), solving for SEFD = T.,s/G. The resulting SEFDs, averaged over the NC bandwidth, are
9000 + 400 Jy and 7800 + 180 Jy for Tau A and Vir A, respectively. We note a ~ 20% variation
across the bandwidth for all the considered calibrators. Moreover, the SEFD depends slightly on
the Galactic latitude, qualitatively expected as the sky temperature contribution to the SEFD
increases towards the Galactic plane. We then consider a unique value of SEFD = 8400 4= 420
Jy, obtained by averaging the SEFDs from the individual calibrators. This analysis has been
included in Trudu et al. (2022).

After each calibration run, we validate the calibration procedure by forming a beam centred
on the bright pulsar B0329-+54 and producing a folding plot like the one reported in Figure
2.4, considering the nominal parameters of the pulsar, i.e. its period and DM. Moreover, we
also check if the single-pulse detection pipeline (see Section 2.2.4) works fine by analysing
B0329-+54 data, searching for its single-pulses. Possibly, we include also data from the Crab
pulsar (B0531+21), which can be considered a much more similar case to FRB detections since
it is known to emit GRPs (e.g. Karuppusamy et al., 2010).

2.2.3 Scheduling observations

Setting observation schedules. The first step in scheduling transient observations is the
preparation of observation folders. These folders will serve the scheduling script to gather all
necessary information for scheduling observations. To create these folders, a simple MATLAB
script called NCFRB_PrepareQObs.m can be used. This script is user-friendly and allows the
creation of observation folders by setting a few parameters:

e The name of the source to be observed (SourceName). This name must correspond to the
name of the source specified in an external source catalog, which is another MATLAB
script called MINT_J2000SourceCoordinate.m. In case the planned observations will
regard a new target source, the user must add it to the MINT_J2000SourceCoordinate.m
catalog, specifying the source name and its RA and Dec coordinates at the J2000 epoch.;
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e The start (startDateUT) and end (stopDateUT) dates of observation. For an observational
campaign of N days, N observation folders will be created;

e The array configuration used (arrayConf). For this parameter, it is necessary to specify
whether the observations are to be made with the sub-array 1N, 2N, where 8 cylinders
will be used in these two cases, or IN2N, using 16 cylinders in the latter case;

e The type of observations to be performed (obsType). The possible options are “Tracking,"
if an observation folder is to be created in beamforming mode, or “Calibration" if a folder
is to be created for interferometric observation, the latter used for instrument calibration
procedures;

e Output path (outPath) where the observation folders will be created;

e Path pointing to previously performed calibrations (calibPath).

The output of PrepareQObs.m script is an observation directory, placed at outPath, having
name YYYYMMDDThhmmss_SourceName_arrayConf. This directory contains 5 files. The most
relevant for our activity is obs_setup.txt, containing all the information used in the effective
observation scheduling. Among the latter there are the RA, Dec coordinates of the source and
the precise start and stop times for the observation.

Scheduling beamforming observations. Once the observation folders have been created,
the scheduling of observations can proceed. During my Ph.D., I developed the Python script
scheduler. py, which facilitates user-friendly scheduling of multi-source observational campaigns.
Before the creation of this script, scheduling observational campaigns was highly cumbersome
and complex. The scheduling of each individual observation essentially comprises three parts:
the mechanical movement of the NC antennas (managed by the bash executable monitor),
the beam-tracking of the source (beam_tracking_scheduler_mat2py.py), and the actual data
acquisition (best_frb_scheduler.py). Therefore, each of these actions requires a different
script.

The monitor application only needs a single text file containing a list of schedules. These
schedules are formatted as follows:

ANT;UTC; YYYY-MM-DDThh :mm; arrayConf ;decSource_deg; SourceName;
ANT; UTC;YYYY-MM-DDThh :mm; arrayConf ;decSource_deg2; SourceName?2;

where decSource_deg is the declination (J2000) of the source to be observed, expressed
in degrees unit. The other two scripts, however, must be launched individually for each
observation, with the inputs specified manually. For example, for the acquisition script
bestfrb_scheduler.py, these inputs include the path of the observation folder (i.e., outPath
from NCFRB_PrepareQbs.m), a string representing the start time of the observation, the duration
of the observation in seconds, and the instrument configuration file. Clearly, in the case of
multi-source observational campaigns, such a scheduling procedure is infeasible if done manually.

Therefore, as mentioned earlier, the scheduler.py script was implemented. The help screen
of this script is as follows:

Usage: scheduler.py [options]

NCFRB scheduler. You have to provide the start and stop date of

5 observations, along with an external list of sources.

Options:
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-h, --help show this help message and exit

--nameSRC=NAME Source name you want to monitor.

--cadence=TCAD Cadence of your monitor. Example: 7 if you want to
monitor your source every 7 days. (Default: 1 i.e.
every day

--start=START Start of observations. Example format: 20220606.

--stop=STOP Stop of observations. Example format: 20220608.

--obs_dir=0BS_DIR The full path to the obs. directories (Default:
/jbod/SCHEDULE_0OBS/) .

--ant_move=0UTPATH The path where the output schedule file will be

stored. (Default: /jbod/ant_scheduler/schedule.csv)
--path_schedules=SCHEDULES
The path where the schedules for acquisition and
steering (+screenlog) will be stored. (Default:
/jbod/ant_scheduler/)
--clean=CLEAN Clean the schedules (default: False)
--go=G0 Go launch the schedules (default: False)
Listing 2.1: Descriptive help message for the scheduler.py script used within the NC FRB project to
schedule osbservational campaigns

The important input parameters to set, as indicated in the header of the help message, include
the source name, the start date, and the stop date of the observations. Additionally, the script
allows setting a temporal cadence for a given source. This is particularly useful in cases where two
sources transit the meridian at similar times but have very different declinations. Consequently,
both sources cannot be observed on the same day by the NC. By setting the cadence parameter,
it becomes possible to schedule these two sources on alternate days automatically.

Basically, what this script does is update the schedule file (located at the path specified
by the input ant_move). Before starting with the effective scheduling, the user may want to
clean the previous schedule file by setting clean to True. The user is required to set the
parameter go to True in correspondence with the last schedule entry. This way, the script will
display the final content of the schedule file on the screen and, upon user confirmation, it will
proceed to automatically launch the tracking and acquisition scripts for each observation. As
the final step, the script automatically launches the antenna movement script. All these scripts
are executed in screen mode, allowing the user to close the terminal once scheduler.py is
executed. Additionally, we have verified that memory usage is not an issue for the Medicina
server (i.e. where all the scripts for scheduling, etc., are installed), even when dealing with a
long list of scheduled observations. The scheduler.py was used extensively to prepare all the
observations presented in Chapter 3 and Chapter 4, as well as for current, daily NC observations
which are not part of this Thesis. Usually, all the observation folders are stored at the path
/ jbod/SCHEDULE_O0BS/ while the output of scheduler.py, i.e. the observation folder with
the correspondent un-processed or processed SigProc Filterbank file inside it, are stored at
/jbod/PROC/ path. This is done in order to facilitate the analysis and FRB search pipeline,
having all the processed observations at a single path.

2.2.4 Data reduction and FRB searching

The processing of raw voltages in SigProc Filterbank format is carried out using the script
best_frb_post_processor.py, which is directly linked to the output of scheduler.py. The
latter controls a simple external catalog where the name of the sources to be scheduled for
observations are stored, along with their coordinates and, importantly, a Boolean variable that
determines whether the raw Filterbank output should be processed after acquisition. Indeed, it
is unsafe to process a Filterbank while acquiring data from a subsequent source, given the fact
that both the acquisition and the processing are handled by the same machine. Therefore, the
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user can choose whether to process the raw voltage outputs in Filterbank format or to keep it
in a raw format for a later post-processing.

The processing script reads the beamformed complex voltages, which are already channelized
but with a very coarse frequency resolution. Therefore, further channelization is performed
by executing a simple Fast Fourier Transform (FFT) with a window in this case. The edge
channels are removed. Subsequently, the power for each sample is calculated (thus the data are
no longer in complex format), and normalization is performed so that the statistical mean of
the data is zero and the variance is unitary. Finally, an output Filterbank is generated with the
data stored in 16-bit format.

Once the data has been processed, it is possible to search for radio bursts within it. To
do this, we use a pipeline that executes various steps and combines softwares that have been
used and tested in the literature for FRB search, i.e. HEIMDALL (Barsdell et al., 2012) and
classification (Gajjar et al., 2018; Agarwal et al., 2019). We describe the steps performed by
the FRB search pipeline, along with a brief general description of the single steps, in the following.

Excision of spurious artificial signals. Although the 400 — 416 MHz band used by NC is
designated solely for astronomical observations, various artificial radio signals (RFI) can still
occur, which pose a challenge when trying to detect very faint extragalactic signals. Broadly
speaking, RFIs can be either persistent channels or impulsive, very short-duration signals (e.g.,
radar). Persistent RFIs are usually persistent during the observation session and can be flagged
by applying a static mask. Impulsive RFIs can be ignored during the subsequent candidate
classification phase. Essentially, these RFIs, being produced on Earth, do not undergo any
dispersion and can be easily identified. In our case, we apply offline RFI mitigation using the
PRESTO software, specifically rfifind.

Dedispersion and candidate search. As described in the previous chapter, signals from
FRBs exhibit high DM due to the crossing through cold plasma between the source and the
observer. Since these signals are weak in the data, dedispersion is required, to produce a peak
in the frequency-averaged signal (called a time series), making it easier to recognize. The
dedispersed signal will be stronger the closer the applied DM is to the intrinsic value of the
burst. There are essentially two types of dedispersion algorithms: the “incoherent” method,
which is approximate, and the “coherent” method, which is exact. In our case, we usually
apply the former, which involves searching for the DM (initially unknown) over a wide range
of values. This process is carried out using the HEIMDALL GPU-accelerated tool, which also
applies the Matched Filtering method to search for radio pulses (the reader can refer to Rajwade
& van Leeuwen (2024) for a complete and comprehensive review of de-dispersion algorithms).
The output of HEIMDALL is a list of candidates, providing the arrival time in seconds from
the start of the observation, the DM that maximizes the candidate’s S/N, the S/N, and the
pulse duration (expressed in boxcars). Optionally, if the user specifies a DM as input to
frb_post_processor.py, coherent dedispersion of the data is performed. The latter involves
the exact reversal of the dispersion effect caused by the interstellar medium on the pulsar/FRB
signals. This is achieved by applying a frequency-dependent phase shift to the received signal,
preserving the original signal phase information and resulting in a much sharper and more
accurate pulse profile, with no intrachannel smearing. This method is computationally intensive
but provides superior time resolution compared to “incoherent” de-dispersion. When running the
pipeline for FRB candidate search, we typically specify an S/N threshold below which candidates
are discarded. In our observations, this threshold is set at 7o or 100, where ¢ is the rms noise
derived from the radiometer equation (Eq. 1.15). The exact choice for it depends principally on
the level of RFT contamination, so that a lower threshold will give more false candidates in output.
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Candidate Classification. Existing pipelines for single-pulse searches produce hundreds, if
not thousands, of candidates per observation session, even when clustering and sifting methods
are applied during candidate searches. Most of these candidates turn out to be “false positives”,
i.e., RFI signals erroneously reported as real radio bursts. Therefore, it is necessary to use
methods for classifying the candidates output. During my Ph.D., I used two main algorithms
specifically designed for the classification and recognition of real FRB candidates. These are
Machine Learning (ML) tools, exploiting convolutional neural network (CNN) architectures,
trained over extensive datasets from several radio telescopes and bandwidths (Gajjar et al., 2018;
Agarwal et al., 2020). Currently installed and operational on the Northern Cross server, used for
data analysis, are the SPANDAK (Gajjar et al., 2018, 2021, 2022), and the FETCH pipelines
(Agarwal et al., 2020). The latter takes the candidates produced by HEIMDALL as input, screens
out false positives that appear over a wide range of DM in a short time interval, generates
plots for each candidate that passes the selection steps, and finally classifies these candidates
using a CNN architecture. Specifically, this algorithm is very simple, aiming to detect a feature
resembling a vertical line (i.e., the dedispersed burst) in a 2D image. For each candidate, the
ML model considers two inputs, i.e. the 2D dynamical spectrum and the corresponding butterfly
plot. Candidates are then classified into three different classes, ranking them from highest to
lowest based on their probability of being a genuine astrophysical burst. An example of the
output of the classification pipeline is provided in Figure 2.5. Finally, the ultimate validation of
the candidate is performed manually through visual inspection. It is also useful to re-plot the
candidate using a different number of sub-bands and applying further temporal down-sampling,
trying to increase the S/N per channel as much as possible.

2.3 Conclusions

In this Chapter, we presented the NC-FRB project, detailing the transformation of the NC
radio telescope into an instrument for FRB detection at 408 MHz. Since the project start in 2018,
approximately, the NC has undergone a series of upgrades aimed at increasing its sensitivity and
expanding its operational capacity. Throughout this Chapter, we have emphasized the technical
advancements made to streamline observations, from the development of efficient scheduling
systems to the implementation of a robust data reduction pipeline. These improvements have
enhanced daily FRB observations and increased the system reliability, as seen in the accurate
classification of FRB candidates using machine learning algorithms. In conclusion, the NC-FRB
project has reached a pivotal stage in its development. The significant upgrades to the receiving
system and the successful detection of FRBs during observational campaigns underscore the
project’s scientific impact. While further improvements are still needed — such as the full
reactivation of both arms of the telescope — the NC is already contributing valuable data to
the field of FRB research. Looking ahead, the planned upgrades will not only increase the
telescope’s sensitivity and detection rate but also improve its localization accuracy, enabling
more detailed studies of FRB sources and their environments. This will place the NC in a
position to address key scientific questions about the nature and origin of these enigmatic cosmic
events, solidifying its role as a crucial instrument in the study of FRBs.
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Figure 2.5: Example of a candidate as the final output of the single-pulse detection pipeline used within
the NC-FRB project. Here is reported a single pulse NC detection of the Crab pulsar (B0531+21).
The upper subpanel shows the frequency-averaged time series of the pulse, the central subpanel shows
the dynamic spectrum, de-dispersed at the DM which maximise the S/N of the pulse, while the lower
sub-panel shows the time-DM plot. On the right are reported key information of the pulse candidate,
such as, e.g., its TOA, the DM maximising its S/N, along with information regarding the observation
performed.
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Chapter 3

FRB-magnetar connection in a sample of
nearby galaxies

Based on Pelliciari et al., 2023, “T'he Northern Cross Fast Radio Burst project. IIl. The
FRB-magnetar connection in a sample of nearby galaxies”, A&A, 674, A223. https://doi.
org/10.1051/0004-6361/202346307

3.1 Abstract

The nature of FRB progenitors is still a matter of debate, although magnetars are invoked
by most models. The proposed FRB-magnetar connection was strengthened by the discovery
of an FRB-like event from the Galactic magnetar SGR J1935+2154 (SGR1935, hereafter)
(CHIME/FRB Collaboration et al., 2020; Bochenek et al., 2020).

In this Chapter we aim to investigate how prevalent magnetars such as SGR1935 are within
FRB progenitors. To this end, we carried out an FRB search in a sample of seven nearby (< 12
Mpc) galaxies with the NC Radio Telescope for a total of 692 h.

We detected one 1.8 ms burst in the direction of M101 with a fluence of 58 5 Jy ms. Its
dispersion measure of 303 pc cm™ places it most likely beyond M101. Considering that no
significant detection comes indisputably from the selected galaxies, we place a 38 yr~! upper
limit on the total burst rate (i.e. including the whole sample) at the 95% confidence level.
This upper limit constrains the event rate per magnetar to Ayag < 0.42 magnetar—! yr=! or, if
combined with literature observations of a similar sample of nearby galaxies, it yields a joint
constraint of Ayae < 0.25 magnetar—! yr~'. We also provide the first constraints on the expected
rate of FRBs hypothetically originating from ULX sources, since some of the galaxies observed
during our observational campaign host confirmed ULXs. We obtain < 13 yr~! per ULX for the
total sample of galaxies observed.

Our results indicate that bursts with energies £ > 103 erg from magnetars such as SGR1935
appear more rarely compared to previous observations and further disfavour them as unique
progenitors for the cosmological FRB population. This provides support to the idea that there is
a greater contribution from a population of more exotic magnetars not born via core—collapsed
supernovae.

3.2 Introduction

Of the FRB progenitor candidates, magnetars — NSs powered by the decay of their strong
(10 — 10'6 G) magnetic field (Duncan & Thompson, 1992; Rea & Esposito, 2011; Turolla
et al., 2015; Kaspi & Beloborodov, 2017) — are the most widely considered. The FRB-magnetar
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connection was strengthened by the detection of FRB 20200428, the first Galactic FRB-like event
discovered (CHIME/FRB Collaboration et al., 2020; Bochenek et al., 2020); it was observed
simultaneously with an X-ray burst (Mereghetti et al., 2020; Ridnaia et al., 2020; Li et al.,
2021a; Tavani et al., 2021), emitted by the SGR1935, one of the most active known magnetars
(Stamatikos et al., 2014; Lien et al., 2014; Cummings, 2014; Kozlova et al., 2016; Younes et al.,
2017). The reported isotropic-equivalent energy emitted at radio wavelengths by this burst,
Esgr ~ 2 x 103! erg (Bochenek et al., 2020; Margalit et al., 2020b), lies between those of the
energetic pulsar giant radio pulses (see e.g., Kuzmin, 2007) and extragalactic FRBs. Further
observations revealed fainter bursts from SGR1935 (Zhang et al., 2020; Burgay et al., 2020;
Good & Chime/Frb Collaboration, 2020; Alexander & Fedorova, 2020; Kirsten et al., 2021,
Dong & Chime/Frb Collaboration, 2022; Maan et al., 2022; Huang et al., 2022; Pearlman &
Chime/Frb Collaboration, 2022).

Since magnetars are connected to a young stellar population, they are expected to be found
in regions of star formation. While this has been observed for some FRBs (Chatterjee et al.,
2017; Marcote et al., 2017; Bassa et al., 2017; Tendulkar et al., 2017; Ravi et al., 2019; Marcote
et al., 2020; Bhardwaj et al., 2021b; Niu et al., 2022; Piro et al., 2021; Tendulkar et al., 2021;
Nimmo et al., 2022¢), others have been found in galaxies with low SFR, mainly in their outskirts
(Heintz et al., 2020; Mannings et al., 2021; Bhandari et al., 2022). Notably, the repeating FRB
20200120E was recently found in a globular cluster in the nearby galaxy (NG, hereafter) M81
(Kirsten et al., 2022a). It is also theoretically possible to find young magnetised NSs in GCs,
formed either via the accretion-induced collapse of a white dwarf (WD; Tauris et al., 2013;
Wang & Liu, 2020) or the collapse of a compact binary system induced by a WD-WD, WD-NS
or NS-NS merger (Giacomazzo & Perna, 2013; Schwab et al., 2016; Zhong & Dai, 2020).

CHIME/FRB Collaboration et al. (2020) observed a sample of 15 NGs within 12 Mpc with
SFRs higher than that of the MW in order to search for SGR1935-like FRBs—(i.e. bursts with
energy Ey > 4 x 103 erg). The advantage of targeting NGs over the MW is that the whole
population of magnetars is simultaneously observed, therefore increasing the probability of
detecting a burst with respect to individual magnetars. No bursts were observed, allowing them to
place a constraint on the burst rate of SGR1935-like events 0.007 < Apag < 0.4 yr~! magnetar—,
where the lower limit is set by the detection of the SGR1935 burst itself (CHIME/FRB
Collaboration et al., 2020).

We present long monitoring observations of a sample of NGs taken with the NC Radio
Telescope in the search for FRBs with the aim to study the FRB-magnetar connection, following
CHIME/FRB Collaboration et al. (2020). We note that some of the galaxies observed within
our observational campaign host confirmed ultra—luminous X-ray (ULX) sources, accreting
binary systems with X-ray luminosities Lx > 103 erg s7!, which is significantly higher than
any X-ray luminosity emitted by stellar processes (Fabbiano, 1989; Kaaret et al., 2017).

The Chapter is structured as follows: Section 4.3 describes the observations and the sample
of NGs observed, Section 3.4 presents constraints on the FRB burst rate of magnetars (Section
3.4.1) and ULXs (Section 3.4.2) determined using these observations. Finally, the implications
that our constraints have on the connection between FRBs and their progenitors, along with
our conclusions, are discussed in Section 4.5.

3.3 An FRB search in a sample of nearby galaxies

3.3.1 Sample description and observations

Our sample consists of seven galaxies within a maximum distance of 12 Mpc, whose charac-
teristics are summarized in Table 3.1. We selected them based on their reported high SFRs,
since magnetars such as SGR1935, born through core-collapse supernovae (CCSNe), trace young
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Table 3.1: Properties of the observed NG sample. Columns list: coordinates, distances (D), SFRs, the
dispersion measure contribution from the MW interstellar medium (DM;jgy) computed as the maximum
between the YM16 (Yao et al., 2017) and NE2001 (Cordes & Lazio, 2002, 2003) models, and the total
exposure time spent on source. SFRs are estimated from Ha luminosities for all the galaxies but M82
and IC 342, for which infrared luminosities were used. References for distances are: [1] McConnachie
et al. (2005); [2] Karachentsev et al. (2004); [3] Dalcanton et al. (2009); [4] Shappee & Stanek (2011);
[5] Anand et al. (2018); [6] Newman et al. (2001); and |7] Hoyt et al. (2019). References for SFRs are:
[8] Rahmani et al. (2016); [9] Gao & Solomon (2004); [10] Forster Schreiber et al. (2003); [11] Kennicutt
et al. (2008).

R.A. (J2000) Dec (J2000) D SFR DMy T

(Mpc) (Mg yr") (pcem™) (hr)
M31 00042™44.3° +41°16'07.5" 0.79 £0.03 [1]  0.35 [8] 142 51
10342 03P46™48.5° +68°05'46.0" 3.3+ 0.3 [2] 2.8 [9)] 178 102
MS2 09855m52.45  +69°40'46.9” 3.53 £0.04 [3] 13 [10] 41.2 184
M101 14h03™12.6°  +54°20'55.5" 6.4 +0.5 [4 2.9 [11] 30.9 96
NGC6946 20h34™52.3° +60°09'13.2" 7.7+£0.3[5] 4.3 [L1] 1458 115
M106 12h18M57.68  +47°18'13.4"  784+06[6] 2.8 [11] 25.8 84
M66 11h20m15.0°  +12°59'28.6” 11.14+04[7] 2.7 [11] 31.1 63

star formation sites. Apart from M31 and IC 342, all the galaxies were already included in
the sample observed by CHIME/FRB Collaboration et al. (2020). We included M31 for its
proximity and similarity to the MW. As already mentioned, among the galaxies observed, M82,
M101, IC 342 and NGC 6946 host confirmed ULXs. They are M82 X-1 (Ptak & Griffiths, 1999),
M101 X-1 (Stetson et al., 1998), IC 342 X-1, IC 342 X-2 (Rana et al., 2015) and NGC 6946 X-1
(Fabbiano & Trinchieri, 1987; Roberts & Colbert, 2003). These objects are currently believed to
be the result of super-Eddington accretion onto a stellar mass BH (e.g. Liu et al., 2013), or a
NS (Pintore et al., 2020, and references therein). We monitored each galaxy daily during its
transit through the telescope’s primary beam using eight cylinders of the N-S arm of the array
(we refer the reader to Locatelli et al., 2020, for details of the system). Due to limitations of this
acquisition software, a source cannot be tracked continuously as it moves across the telescope’s
field of view; therefore, we employed the “shift and track” strategy used in Trudu et al. (2022),
where seven discrete delay values are approximately equally spaced in angular size to cover the
field of view. The resulting telescope beam pattern is shown in Figure 3.1, where the seven
peaks corresponding to the seven beam-forming delays are clearly visible. Such a beam pattern
implies that the sensitivity to the source varies by up to 40% as it transits through the primary
beam. As the variation in the beam response within each delay bin is small (~ 10%), in the
following analysis we assume it to be constant and equal to its average value (dashed line in
Figure 3.1). The energy detection threshold, Fy,,, for a burst observed in the delay bin j from
the galaxy ¢ can be written as

F
Emin,i,j = 4’7TD22 AV I,

J

(3.1)

where D; is the source distance, Av = 16 MHz the observing bandwidth, A; the average beam
gain in the j-th delay bin and F' = 38 Jy ms the NC fluence threshold corresponding to the peak
of the central beam assuming a 100 detection threshold (Trudu et al., 2022). In this Chapter
we assume 1 ms as the reference burst duration.

Observations started on December 26, 2021, and ended on August 21, 2022, for a total of
692 hr. Data were stored to disk with a time resolution of 138.24 us and a frequency channel
width of 14.468 kHz. We calibrated our data using interferometric observations of Cas A (see
Locatelli et al., 2020, for details on the calibration procedure), carried out approximately at
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Figure 3.1: Normalized NC beam-forming response (solid line) as the source transits across the telescope
field of view. Dashed lines represent the average value of the telescope beam response for each delay
bin.

the beginning, halfway and at the end of the observational campaign. Receiver phases and
amplitudes remained fairly constant over week-long timescales; nevertheless, our observing
campaign was interspersed with monthly observations of the pulsar B0329+54 and the repeating
FRB 20180916B (CHIME/FRB Collaboration et al., 2019). Both sources served as calibration
tests for the stability of our system and, at the same time, FRB 20180916B was observed within
its window of expected activity (CHIME/FRB Collaboration et al., 2019; Pastor-Marazuela et al.,
2021; Pleunis et al., 2021b; Trudu et al., 2022) for the purpose of obtaining multiwavelength
observations (Pilia et al., 2020; Tavani et al., 2020; Trudu et al., 2022).

We regularly detected single pulses from B0329-+54 at its nominal DM, ~ 26.8 pc cm ™3
(Hassall et al., 2012), and detected two new bursts from FRB 20180916B, in addition to those
presented in Trudu et al. (2022), in agreement with the expected repetition rate. Figure 3.2
shows their de-dispersed waterfall plots, labelled B4 and B5 to follow the Trudu et al. (2022)
nomenclature, and their best-fit values are listed in Table 3.2. These detections provide evidence
for calibration stability across the whole campaign.

The search for FRBs in our galaxy sample was performed using the SPANDAK pipeline
(Gajjar et al., 2018), which flags RFI through RFIFIND (Ransom et al., 2002) and searches for
single pulses with HEIMDALL (Barsdell et al., 2012). We used the same search setup described
in Trudu et al. (2022), within the 0 < DM < 1000 pc cm™® range, with a S/N greater than six
and a boxcar duration shorter than 35 ms in order to balance the search time and our scientific
goals whilst remaining consistent with the observed width distribution of FRBs (Petroff et al.,
2022; CHIME/FRB Collaboration et al., 2021).
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Figure 3.2: Bursts from FRB 20180916B observed on April 30" 2022 (left panel) and August 9" 2022
(right panel), respectively. Bottom panels show the dynamic spectra, while the top panels show the
frequency averaged profiles. The best-fit DMs (in pc cm~3) at which the bursts were de-dispersed are
reported in the top right corner of each plot. Data were down-sampled to have 64 frequency channels,
each 0.25 MHz wide, and time bins with 2.2 ms width for better display.

Table 3.2: Properties of B4 and B5 bursts from FRB 20180916B. We report, from the top row to the
bottom, the barycentric time of arrival (TOA) expressed as the modified julian day (MJD), the signal
to noise ratio (S/N), the fit-optimized DM, the full width at half maximum (FWHM) duration, the flux
density and the fluence of the bursts.

Parameter B4 B5

TOA (MJD) 59699.52603591  59800.25184782
S/N 15 20

DM (pc em™) 349.8 £ 0.1 350.7+ 0.1
At (ms) 6.35 0.1 5.740.3
Flux density (Jy) 15+1 19+1
Fluence (Jy ms) 96 + 6 108 £5
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Table 3.3: Observational properties of FRB 20220320. The uncertainty on the FRB position corresponds
to the beam full width at half maximum.

Parameter Value

R.A. (J2000, deg) 211(3)

Dec. (J2000, deg) 54.4(5)

T.0.A 2022-03-20 01:14:02.40 (UT)
S/N 11

DM (pc em™) 303 £2

At (ms) 1.8+0.3

Flux density (Jy) 32+3

Fluence (Jy ms) 58 £5

3.3.2 FRB detection from the direction of M101

We found no candidates with a S/N > 10 throughout the whole campaign and ~ 100
candidates with 6 < S/N < 10 that were further visually inspected and double-checked. We
selected a minimum S/N of 6 to avoid missing potential weak signals during the search for
FRB signals; however, throughout the analysis presented in this Chapter (see Section 3.4), we
consider a more conservative minimum S/N of 10. Most candidates were discarded due to the
presence of RFI contamination and noise properties that showed deviations from a theoretical
Gaussian distribution. The only candidate that conservatively passed the selection, detected
with a S/N ~ 11, is shown in Figure 3.3.

We assessed the likelihood of a candidate signal by computing the number of false candidates
with S/N higher than the detection threshold, expected because of noise outliers. The number
of false positive events is a function of the S/N and can be computed as (Cordes & McLaughlin,

2003)

AT
Nfalse(> S/N) = 2Npm E P(> S/N), (32)
where Npy is the number of DM trials considered in the FRB search, set internally in HEIMDALL,

AT the total duration of the observations, dt the time sample duration, and

P(>S/N) = % /75 e ¥ dz = % [1 — erf (S/%)

the probability that an event is due to a noise statistical fluctuation. In our case, Npy ~ 3000,
AT =692 h, and dt ~ 138 ps, resulting in Ngyee ~ 1072 for S/N > 10. Hence, we consider our
candidate to be a genuine FRB.

The burst, hereafter FRB 20220320, was detected on 2022 March 30 UT = 01:14:02.40
(Barycentric time of arrival, co MHz), in the direction of M101, and its properties are listed in
Table 3.3.

We measured a DM = 303 £2 pc cm ™2, which disfavours a local origin. The DM contribution
along the line of sight of M101 due to the ISM is DMgy ~ 23 — 31 pc ecm ™3, according to
the NE2001 (Cordes & Lazio, 2002, 2003) and the YMW16 (Yao et al., 2017) electron density
models, while the contribution from the Galactic halo is ~ 50 pc cm™ (Agarwal et al., 2019;
Macquart et al., 2020a; Yamasaki & Totani, 2020; Lemos et al., 2023). Finally, the intergalactic
medium (considering z ~ 0.001) contributes approximately ~ 2 pc cm ™ (Macquart et al., 2020a),
although this value, for low redshift galaxies, depends on the line of sight (Li et al., 2019). These
contributions, if coming from M101, would imply a moderately high DMy, ~ 220 pc cm 3. In
our case, the almost face-on inclination of M101 seems to disfavour a large DMy for M101 (Xu
& Han, 2015). Although James et al. (2022b), by analysing 16 FRBs from Australian Square

(3.3)
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Figure 3.3: De-dispersed profile of FRB 20220320. The top panel shows the frequency-averaged time
series, and the bottom panel shows its dynamic spectrum, coherently de-dispersed at DM = 303 pc cm ™3,
The time and frequency resolutions are 1.3 ms and 1 MHz, respectively, chosen for a better visualisation

of the burst.

Kilometre Array Pathfinder (ASKAP) observations, found (DMj,) ~ 186 £ 50 pc em ™2, which
would be compatible with an origin from M101, other works point towards lower values for
the host DM contribution (Niino, 2020; Zhang et al., 2020). This is further evidence that an
association with M101 is unlikely.

If we consider the burst to be originating farther away, assuming a more conservative value
DMiest =~ 100 pc cm ™2, the burst would be placed at a maximum redshift of z ~ 0.18, that
is to say, at a luminosity distance of ~ 870 Mpc. For the distance estimation we considered
a seven-year Wilkinson Microwave Anisotropy Probe (WMAPT) cosmology (Komatsu et al.,
2011) to be consistent with Macquart et al. (2020a). Given this maximum redshift, its spectral
luminosity would be at most 6.3 x 103 erg s7! Hz~!, well within the range of extragalactic FRB
spectral luminosities (Bochenek et al., 2020; CHIME/FRB Collaboration et al., 2020; Luo et al.,
2020).

3.4 Upper limits on the FRB repetition rate from our ob-
servations

In this section we show how the observations conducted in our NG campaign allowed us to
extract important upper limits on the FRB burst rate. In particular, we developed a simple
model to calculate the expected rate of FRB events from the whole sample of galaxies listed in
Table 3.1, considering as a first case a single population of SGR1935-like magnetars as FRB
progenitors. By taking Anag, the average burst rate per magnetar, and ~y, the power-law energy
distribution slope for magnetar bursts, as free parameters, we discuss how the upper limits
on the rate from the whole galaxy sample translate into upper limits on Ay, and v. We also
discuss how our observations could constrain the FRB event rate if FRBs originated from ULXs.
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Indeed, accretion-based mechanisms for the FRB engine have been proposed (Waxman, 2017;
Katz, 2017, 2020; Sridhar et al., 2021; Deng et al., 2021).

3.4.1 SGR1935-like magnetars

We started by computing the total burst rate from our galaxy sample, considering a single
population of magnetars similar to SGR1935. This means that we restricted our analysis to
magnetars that have radio efficiencies n ~ 107°, the ratio of energy radiated in the radio and
X-ray bands by SGR1935 (Mereghetti et al., 2020; Tavani et al., 2021; Ridnaia et al., 2020;
CHIME/FRB Collaboration et al., 2020; Bochenek et al., 2020), and burst energetics E > Ey,
where Fjy = 2 x 1034 erg is the isotropic radio energy released by FRB 20200428 (Bochenek et al.,
2020; Margalit et al., 2020b; CHIME/FRB Collaboration et al., 2020). This energy follows by
considering d = 7 kpc to be the distance to SGR1935 (Margalit et al., 2020b).

Following CHIME/FRB Collaboration et al. (2020), we assumed that the magnetar burst
rate R from a given galaxy is proportional to its SFR. We computed the number of SGR1935-
like magnetars residing in a certain galaxy by scaling for Np,e /SFRyw, with Niag = 29
(Olausen & Kaspi, 2014; Kaspi & Beloborodov, 2017) the number of Galactic magnetars and
SFRyw = 1.65 4+ 0.19 M, yr~! the Galactic SFR (Licquia & Newman, 2015).

With these prescriptions, the rate expected from the galaxy ¢ of our sample can be expressed
as

SFR; "
* SFRyw

Emax E -
X / KO (—> G[E — Eo] dE,
Ey

Emin,i,j

R(Amaga Y > Eminaivj) = Nn
(3.4)

where Ey,;; is the minimum burst energy detectable from the galaxy ¢ in the delay bin j
(equation 3.1). The integral is the burst rate energy function, which we assumed to follow a power
law with index v. We note that the Heaviside function, ©, restricts the case to SGR1935-like
bursts (i.e. with energy F > Fy). We considered the maximum energy, Fy.y, to be

Emax = nEmag7 (35)

with 7 ~ 107 and FE,, the total magnetic energy reservoir for a magnetar with magnetic field
B (Margalit et al., 2020b):

B 2
Ernag = 3 x 10% < TG G) erg. (3.6)

We considered B = 2 x 10* G, the magnetic field strength of SGR1935 (Israel et al., 2016), and
verified that a higher value for B does not appreciably affect our results.
The burst rate normalization, K,, can be expressed as a function of the burst rate per

magnetar Apag: .
max E -y
/\mag:/ Ky (E) dE, (3.7)
FEo 0

(1—9) £y
Ko = Amnag PR E;iv —. (3.8)

yielding:

Equation 3.4 can therefore be re-written as

QFR. E-+l - gt
:R Ama » Vs > Emini i) — Nma Ama . X —nd . 3.9
( M g ’J> € g SFRyw BT Eo—fy+1 ( )

ax

20



0.8

0.2
1.0 1.5 20 25 3.0 35 40
Energy distribution slope 7y

-1
J
D

Amag [magnetar—! yr
o
N

Figure 3.4: Expected burst rate (colour-map) as a function of the energy distribution slope, 7, and the
SGR1935-like burst rate per magnetar, Apmag, from the whole observing campaign of NGs. The red line
is the 95% CL upper limit obtained via our observations.

We could then compute the total expected burst rate from our NG sample as the sum of the
rate for each galaxy in each delay bin, weighted by their corresponding integration time:

Zi\/ Zj'\fb iR()‘maga Y > Emin,i,j) E,j
N N, )
Zi Zj ’ TiJ

where N, = 7 is the number of delay bins and 7; ; is the total integration time of the i-th galaxy
in the delay bin 5. The total expected burst rate is mildly dependent upon the slope of the
energy distribution and much more significantly dependent upon the burst rate per magnetar
as can be visually assessed in Figure 3.4. Our observations led to a 95% confidence level (CL;
Gehrels, 1986) upper limit on the total burst rate of Ri,; < 38 yr~!. By imposing this upper
limit, we obtain a 95% CL constraint on the burst rate per magnetar that varies between
Amag < 0.38 magnetar™! yr=! for v < 1 and Apag < 0.47 magnetar— yr—! for v ~ 3. After
marginalizing over the energy distribution slope 7, we derive Apag < 0.42 magnetar—! yr—'.
Previous works derived constraints for the magnetar burst rate. In particular, CHIME /FRB
Collaboration et al. (2020) obtained 0.007 < Ayag < 0.4 magnetar— yr~! at the 95% CL from
the detection of FRB 20200428 and the non-detection from a sample of 15 NGs. However, the
authors adopted slightly different values than us for the distances and SFRs of the galaxies
that are common to our sample (see their Extended Data Table 1), and they considered a lower
SFRyw of 1 My, yr=t. If we use their values in our estimate, we obtain Amag < 0.3 magnetar !
yr~'. By combining our observations with CHIME/FRB Collaboration et al. (2020), we can
obtain an even further improved upper limit on Ayae. Assuming the distance and SFR values
presented in Table 3.1 for both samples, we recomputed the total rate expected from the joint
observations (Eqs. 3.9 and 3.10), which has to be compared with the upper limit obtained from
the total observing time (~ 1370 h). As a result, we obtain A\yag < 0.25 magnetar—! yr~! at the
95% CL, the most stringent upper limit on the burst rate per magnetar to date. In Section 4.5

:Rtot()\mag7 7) = (310)
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Table 3.4: Upper limits for the FRB repetition rate (last column) coming from confirmed ULXs. In the
second column we report the number of ULXs present in a given galaxy. The last row considers the
total expected ULX ensamble derived from equation (3.12).

ULX Ny A [yr7Y
IC 342 X-1, IC 342 X-2 2 < 128
MR&2 X-2 1 < 140
M101 X-1 1 < 273
NGC 6946 X-1 1 < 227
All 14 <13

we discuss this result in the framework of the FRB-magnetar connection.

3.4.2 Ultra-luminous X-ray sources

An alternative formation channel to the more standard magnetar models predicts that FRBs
can be produced by short-lived relativistic flares from super-Eddington accreting NSs and BHs
(Sridhar et al., 2021). The isotropic energy emitted by this kind of FRB is postulated to lie in
the range 10** erg - 10% erg (Sridhar et al., 2021), which implies that these sources would have
been detected with the NC sensitivity. Therefore, the observing time spent on these galaxies is
useful for placing an upper limit on the rate of FRBs produced by these accreting objects.

We followed the approach described in Section 3.4 and expressed the rate expected from the
population of ULXs, R, ;, in the galaxy 7 of our sample:

Rui(Aw) = Nui Au, (3.11)

where N, ; is the number of ULX sources expected in the galaxy ¢ and A, is the average burst
rate per ULX for energies in the 103 < E < 10%® erg range. The number of ULX sources can
be expressed as a function of the SFR (Kovlakas et al., 2020):

SFR;

N,:;=0.51 .
’ Mg yr—t

(3.12)

We expect from equation (3.12) a total of ~ 14 ULXs in the galaxies we observed. The total
expected burst rate, R, tor, from our NG sample then becomes:

va Z;Vb fRu,i()‘u) TZJ
u,t0t<)\u) = N N, )
Zi Zj TiJ

(3.13)

The observed upper limit at the 95% CL on the total burst rate is ~ 38 yr=!, the same as
determined in Section 3.4.1, since it depends only on the total observing time. Therefore, by
imposing R, o < 38 yr~!, we obtain A\, < 13 yr~! for the average burst rate per ULX. This is
the first upper limit on the FRB repetition rate hypothetically coming from ULXs. We note
that this upper limit is two to three orders of magnitude lower than the reported repetition rate
of most active repeaters from FRB 20121102A and FRB 201809168, r ~ 10® yr~! (Margalit
et al., 2020b). We also find this contrast by computing the repetition rate for confirmed ULXs
only, that is to say, without estimating the population of ULXs from equation (3.12) and only
considering already discovered ULXs in the galaxies we observed. We report the upper limits
obtained for each case in Table 3.4 and discuss the possible implications of these results in the
following section.
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3.5 Discussion and conclusions

In this paper we present an FRB search in a sample of seven NGs taken with the NC Radio
Telescope. The campaign was 692 h long and yielded the detection of a 58 Jy ms, 1.8 ms long
burst with a DM = 303 pc cm ™3, observed in the direction of M101, although most likely coming
from a more distant source. Therefore, we consider that no detections came from the monitored
galaxies. We used this result to investigate the connection between FRBs and magnetars, by
computing the total burst rate, Ry, expected from our galaxy sample, assuming, as unique
FRB progenitors, magnetars such as SGR J1935+2154, and obtaining R < 38 yr~! at the
95% CL. We considered Apag, the average burst rate per magnetar, and +, the slope of the burst
energy distribution, as free parameters for our SFR-based model. In addition, we derived the
average FRB rate per ULX from the same observations of NGs. Among the target galaxies of
our observational campaign, some host confirmed ULXs, from which, at least theoretically, an
FRB would have obtained enough energy (Sridhar et al., 2021) to be detected by the NC.

Since the detection of the Galactic FRB-like signal, it has been tempting to claim that
magnetars such as SGR1935 (i.e. magnetars similar in energetics and formed through CCSNe)
represent the entire cosmological population of FRBs. Although the implied volumetric rate
from the detection of FRB 20200428 is consistent with the faint energy of the cosmological
rate density (Lu et al., 2022), SGR1935-like magnetars cannot explain the high repetition rate
of active repeaters (Margalit et al., 2020b). Moreover, FRB 20200428 is about one order of
magnitude fainter than the average FRB (Bochenek et al., 2020; CHIME /FRB Collaboration
et al., 2020; Luo et al., 2020), although giant magnetar flares may be bright enough to fill the
gap (Margalit et al., 2020b). The discrepancy in the repetition rate, along with the discovery of
the M81 repeater localized in a globular cluster (Bhardwaj et al., 2021b; Kirsten et al., 2021), led
to consider other, more exotic NS formation channels (Kremer et al., 2021, 2023), and question
the presence of a single population of magnetars as FRB progenitors.

Our observations do not constrain the burst energy slope well, although they somewhat
disfavour flat slopes (v < 1) over steeper ones (v > 1). The average burst rate per magnetar
is, instead, constrained to be Apag < 0.42 magnetar— yr~'. This upper limit halves the range
for the magnetar burst rate implied by the detection from the STARE2 (Bochenek et al.,
2020), 0.0036 < Apag < 0.8 magnetar—! yr—!, consistently with the results from CHIME NG
observations, 0.007 < Apae < 0.4 magnetar—! yr~! (CHIME/FRB Collaboration et al., 2020).
We also show how the upper limit lowers to Apag < 0.25 magnetar—' yr~! if we consider our
NG observations combined with the monitoring reported in CHIME /FRB Collaboration et al.
(2020).

Considering the STARE2 detection, Margalit et al. (2020b) already pointed out that the
cosmological FRB rate, including repeating sources, can be explained only by adding a second
magnetar population that is younger and with a stronger magnetic field with respect to the
SGR1935-like ones (Margalit et al., 2019; Blanchard et al., 2016). This second population
includes more exotic magnetars, not born through the usual supernova core collapse, but through
a much rarer formation channel. Our constraints imply that the burst rate per magnetar of
SGR-like events is approximately a factor of two smaller than previously reported, implying
rarer events. From the perspective of a two-population model, our results imply that rare
magnetars should be more prominent than considered earlier in order to compensate for the
smaller burst rate from SGR1935-like magnetars. Moreover, the detection of FRB 20200120E in
a globular cluster (Bhardwaj et al., 2021a; Kirsten et al., 2022a) has similar implications (Lu
et al., 2022), namely that the formation of magnetars is possible inside globular clusters through
compact object mergers, accretion-induced collapse, or a WD-merger-induced collapse (Kirsten
et al., 2022a; Kremer et al., 2021, 2023). However, the nanosecond structures observed in some
bursts from FRB 20200120E could be explained in terms of a recycled millisecond pulsar origin
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(Majid et al., 2021; Kremer et al., 2021). Hence, it is not clear whether M81-like FRBs could
represent this needed population of rarer FRB progenitors.

Among other exotic but prominent progenitor models, we find accretion-based mechanisms
(Waxman, 2017; Katz, 2017, 2020; Sridhar et al., 2021; Deng et al., 2021). In particular, the
recent model of Sridhar et al. (2021) is able to explain both the energetics and the chromaticity
behaviour seen in FRB 20180916B (Pastor-Marazuela et al., 2021). Estimating the total number
of ULXs present in our sample of galaxies to be 14, we have constrained the average rate of
FRB events per ULX to A, < 13 yr~! at the 95% CL. We have also provided individual upper
limits for each monitored ULX. These initial estimates show a discrepancy of a few orders of
magnitude when compared to the repetition rates of the most active repeaters (Margalit et al.,
2020b). As already pointed by Sridhar et al. (2021), a strongly magnetised object in the compact
pair could be necessary to power cosmological FRB luminosities, making these events much
rarer and more difficult to detect. In conclusion, our limits on the burst rate disfavour both
magnetars and ULXs as progenitors of very active repeating sources such as FRB 20180916B
and FRB 20121102A.
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Chapter 4

Multiwavelength study of the actively
repeating FRB 20220912A

Based on Pelliciari et al. 2024, “The Northern Cross Fast Radio Burst project IV. Multi-
wavelength study of the actively repeating FRB 20220912A7, A&A, 609, A219. https://doi.
org/10.1051/0004-6361/202450271

4.1 Abstract

A fraction of the FRB population have shown repeating bursts, however it is still unclear
whether these represent a distinct class of sources. We investigated the bursting behaviour
of FRB 20220912A, one of the most active repeating FRBs known thus far. In particular,
we focused on its burst energy distribution, linked to the source energetics, and its emission
spectrum, with the latter directly related to the underlying emission mechanism. We monitored
FRB 20220912A at 408 MHz with the NC radio telescope and at 1.4 GHz using the 32-m Mc radio
telescope. Additionally, we conducted 1.2 GHz observations taken with the uGMRT searching
for a PRS coincident with FRB 20220912A, and we included high energy observations in the
0.3-10 keV, 0.4-100 MeV and 0.03-30 GeV energy range. We report 16 new bursts from FRB
20220912A at 408 MHz during the period between October 16" 2022 and December 315° 2023.
Their cumulative spectral energy distribution follows a power law with slope ap = —1.3 + 0.2
and we measured a repetition rate of 0.19 4= 0.03 hr~! for bursts having a fluence of ¥ > 17 Jy
ms. Furthermore, we report no detections at 1.4 GHz for & > 20 Jy ms. These non-detections
imply an upper limit of f < —2.3, with 3 being the 408 MHz — 1.4 GHz spectral index of FRB
20220912A. This is inconsistent with positive § values found for the only two known cases in
which an FRB has been detected in separate spectral bands. We find that FRB 20220912A
shows a decline of four orders of magnitude in its bursting activity at 1.4 GHz over a timescale
of one year, while remaining active at 408 MHz. The cumulative spectral energy distribution
(SED) shows a flattening for spectral energy F, > 103! erg Hz !, a feature seen thus far in
only two hyperactive repeaters. In particular, we highlight a strong similarity between FRB
20220912A and FRB 20201124A, with respect to both the energy and repetition rate ranges. We
also find a radio continuum source with 240 + 36 uJy flux density at 1.2 GHz, centered on the
FRB 20220912A coordinates. Finally, we place an upper limit on the v to radio burst efficiency
n to be n < 1.5 x 10? at 99.7% confidence level, in the 0.4 — 30 MeV energy range. The strong
similarity between the cumulative energy distributions of FRB 20220912A and FRB 20201124A
indicate that bursts from these sources are generated via similar emission mechanisms. Our
upper limit on [ suggests that the spectrum of FRB 20220912A is intrinsically narrow-band.
The radio continuum source detected at 1.2 GHz is likely due to a star formation environment
surrounding the FRB, given the absence of a source compact on milliarcsecond scales brighter
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Figure 4.1: Overview of the FRB 20220912A monitoring campaign. Panel a displays the MJD range
59868 — 59903 (35 days), while panel b shows the MJD range 60081 — 60309 (228 days). Green
(red) vertical blocks indicate observations at 408 MHz (1.4 GHz). Vertical black lines represent
burst detections at 408 MHz. Each observing session at 408 MHz last ~ 35 minutes, while 1.4 GHz
observations started 15 minutes before the P band run and last ~ 60 minutes.

than 48 pJy beam™! (Hewitt et al., 2024). Finally, the upper limit on the ratio between the v
and radio burst fluence disfavours a giant flare origin for the radio bursts unlike observed for
the Galactic magnetar SGR. 1806-20.

4.2 Introduction

Nowadays there are about ~ 800 distinct known FRB sources (CHIME/FRB Collaboration
et al., 2021; Xu et al., 2023) and most of them classified as one-off events. However, about
50 sources have shown repeated emission (Chime/Frb Collaboration et al., 2023), ruling out
catastrophic events as their origin. It is unclear whether all FRB sources are repeating in
nature, although bursts from repeaters are statistically wider in temporal width and narrower
in bandwidth compared to one-off FRBs (Pleunis et al., 2021b).

Among repeaters, various differences are found, especially in their observed level of activity.
Indeed, the burst rate of repeaters spans a wide range of values, ranging from less active sources,
which can exhibit a burst rate as low as ~ 1072 hr~! (Chime/Frb Collaboration et al., 2023) to
the most active ones (so-called hyperactive sources) showing sporadic burst storms in which the
repetition rate rises up to several hundreds of bursts per hour (Li et al., 2021b; Nimmo et al.,
2022a; Xu et al., 2022; Zhang et al., 2022, 2023a; Feng et al., 2023). On the other hand R3, which
shows a 16.3 + 2.6 days periodic window of activity (Pleunis et al., 2021b; Pastor-Marazuela
et al., 2021), has not revealed any burst storms, given that its repetition rate is consistent with
an origin coming from a Poissonian process (Sand et al., 2023).

An interesting feature that has emerged from very long monitoring of the two hyperactive
repeaters R1 and FRB 20201124A is the flattening of their burst energy distributions at the
highest burst energies (Hewitt et al., 2022; Jahns et al., 2023; Kirsten et al., 2024). This suggests
a possible link between repeating and non repeating FRB sources (James et al., 2022a; Kirsten
et al., 2024), the latter presenting a flat luminosity distribution (James et al., 2022b,a), which
could potentially imply that the most energetic bursts are produced by a different emission
mechanism compared to the less energetic ones.

In September 2022, CHIME discovered FRB 20220912A, a repeating FRB source having DM
of 219.46 pc ecm ™ (McKinven & Chime/Frb Collaboration, 2022), subsequently localised with
arcsecond precision in the outskirts of a moderately star forming, massive galaxy at redshift
z =0.0771 (Ravi et al., 2023). Bursts were detected at different frequencies, between 408 MHz
and 2.3 GHz (see Zhang et al., 2023a, and references therein), with a period of particularly
high activity. A burst rate of ~ 400 hr~! was observed at 1.4 GHz, for a 90% fluence threshold
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of 4 mJy ms (Zhang et al., 2023a). A fraction of the observed bursts show very narrow-band
spectra (Zhang et al., 2023a) and short duration (~ 16 pus), the latter usually clustered in
dense burst forests (Hewitt et al., 2023). The source was recently localised at RA (J2000) =
23109™04.8988° & 0.0003%, Dec (J2000) = 48°42'23.908” 4 0.005" (Hewitt et al., 2024), placing it
closer to the centre of the host galaxy than previously suggested. Their observations also rule
out the presence of a PRS down to a ~ 20 uJy beam™ level. It was argued by Ravi et al. (2023)
that the DM contribution by the host is low (< 53 pc em™). A low DM host contribution,
along with an approximately zero RM (McKinven & Chime/Frb Collaboration, 2022; Zhang
et al., 2023a; Feng et al., 2023; Hewitt et al., 2023), corroborates the hypothesis of a clean local
environment (Hewitt et al., 2023).

In this work, we report the first multi-wavelength monitoring campaign of FRB 202209124,
carried out at 408 MHz with the NC radio telescope, at 1.4 GHz with The Mc 32-m radio
telescope and at X and ~y rays with the The Neil Gehrels Swift Observatory (Swift) (Gehrels
et al., 2004) and AGILE (Tavani et al., 2009) satellites. Furthermore, we use new deep continuum
radio observations taken with the uGMRT at band 5 (1.0 — 1.4 GHz) to investigate the presence
of a PRS in the direction of FRB 20220912A.

The Chapter is structured as follows. In Section 4.3 we describe the multi-wavelength
campaign conducted on FRB 20220912A. In Section 4.4, we describe and discuss the results of
the observations. Finally, we present our conclusions in Section 4.5.

4.3 Observations

4.3.1 Northern Cross radio telescope

The NC telescope configuration used in this Chapter has two differences with respect to
observations presented in Trudu et al. (2022) and Pelliciari et al. (2023b) (Chapter 3). First, it
doubles the collecting area, combining sixteen cylinders of the North-South arm into a single
beam, whose half-power beam width is now 1.6° x 0.25°. Second, the delay correction needed to
form the beam is performed at higher cadence, namely every 5 s, effectively tracking the source
across the field of view. Observations are stored to disk as 16-bit SIGPROC (Lorimer, 2011)
filterbank files, with a time resolution of 138.24 us and a 14.468 kHz frequency channel width
(see Locatelli et al., 2020, for a detailed description of the system).

We started monitoring FRB 20220912A with eight cylinders on 16 October 2022, forming a
single beam at the source coordinates, R.A. (J2000) = 23" 09™ 04.9%, Dec (J2000) = +48° 42’ 25.4"
(Ravi et al., 2023). After the first 14 hours on-source, the observations were interrupted and
resumed on 17 May 2023, when 16 cylinders were employed. Observations ended on 31 December
2023, for a total of 122 hr on-source. Each session of observation lasted for ~ 35 min. As in
Trudu et al. (2022) and Pelliciari et al. (2023b), we performed a weekly calibration through
interferometric observations of Cas A. A summary of the conducted observations is shown in
Fig. 4.1.

4.3.2 Medicina “Grueff” radio telescope

Simultaneous observations were carried out at 1.4 GHz (L band) with the 32-m Mc radio
telescope. The total duration of the campaign was 177 hours, made of ~ 1 hr daily runs. We
recorded the 2-bit baseband data in both circular polarisations written to disk in VDIF format
(Whitney et al., 2010), using the local digital baseband converter (DBBC) system (Tuccari,
2003). Observations are centred at 1414 MHz, sampling a 128 MHz bandwidth divided into four
separated sub-bands. Data were converted to filterbank format using a custom-built pipeline
(Kirsten et al., 2020) and stored to disk with a 250 kHz frequency and 64 us time resolution
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Table 4.1: Burst properties at 408 MHz from FRB 20220912A. Columns are, from left to right, the burst
ID, the barycentric arrival time (B.A.T) at infinite frequency expressed as the MJD, the fit-optimised
DM, the FWHM duration, the peak flux density, the fluence, the spectral energy and the isotropic
burst energy, the latter computed multiplying the spectral energy for 16 MHz, i.e. the bandwidth used
in NC observations.

ID TOA DM Width  Fleak F E, E;
(B.A.T.) (pc em™3)  (ms) (Jy)  (Jyms) (10% erg Hz™') (107 erg)
B0l 50868.885088115  210.6(5) 4.1(5) 18(1)  74(5) 12.3(7) 20(1)
B02 60125.160302085 220.2(3) 3.1(4) 7.4(6)  23(2) 3.8(3) 6.1(5)
B03 60133.142754625 220.1(2)  9.4(6) 4.3(4)  40(4) 6.7(5) 10.7(8)
B04 60136.132478465 219.6(4) 4.1(6) 6.8(6)  28(2) 4.6(4) 7.4(6)
B05 60138.120952875  219.7(6)  16(2) 4.8(3)  77(5) 12.8(7) 20(1)
B06 60140.121695755  220.4(2)  3.4(4) T7.6(6)  26(2) 4.3(3) 6.9(5)
BO7 60160.070367215 220.1(2)  1.4(2)  9(1)  13(2) 2.1(3) 3.4(5)
B0S 60165.061278865 219.4(3)  5.2(8) T7.3(6)  38(3) 6.3(5) 10.1(8)
B09 60166.045907535 219.9(2)  3.2(5) 6.2(6)  24(2) 3.3(4) 5.3(6)
B10 60166.045908315 219.7(2)  3.1(4) 55(7)  20(2) 2.8(3) 4.5(5)
Bll 60173.031215725 221.3(5) 14.6(8) 10.1(3) 147(5) 24.5(6) 40(1)
B12 60178.024922305 220.1(4)  2.9(1) 29.9(7)  86(2) 14.4(3) 23.1(5)
B13 60182.006531445 220.2(2) 4.3(3) 13.3(6) 57(3) 9.5(4) 15.2(6)
Bl4 60211.931989265  220(1)  4.3(6) 4.9(5)  21(3) 3.5(4) 5.6(6)
B15 60215.918013385 220.8(4)  6.8(7) 6.5(4)  44(3) 7.3(5) 11.8(8)
B16 60218.898463655  223(1)  10(2) 3.8(4)  38(5) 6.3(8) 10(1)

respectively. Two circular polarisations were averaged together to obtain total intensity data.
The telescope has a SEFD of 458 Jy at 1.4 GHz, which leads (using the radiometer equation) to
a result of o ~ 1.2 Jy ms root mean square (rms) noise for a burst of 1 ms of duration. To test
the data acquisition and conversion we observed PSR B0329-+54 and we successfully detected
single pulses on this basis.

4.3.3 uGMRT

To search for a PRS coincident to the position of FRB 20220912A, continuum radio observa-
tions of FRB 20220912A were performed with the uGMRT in the 1050 — 1450 MHz (band-5)
frequency range on 2023 November 1%°. The total bandwidth was split into 16384 channels
of 24.414 kHz each. The field of FRB 20220912A was observed for a total of ~ 3 hours. The
sources 3C48 and J2322-+509, a nearby source to the target, were used as absolute flux scale
and phase calibrators, respectively.

The high spectral resolution of our data enabled us to split the total bandwidth in eight
sub-bands of 50 MHz each for easier data reduction. We processed each sub-band independently
by carrying out a standard interferometric data reduction' using the Common Astronomy
Software Applications (CASA; McMullin et al., 2007) package. We iteratively performed flagging
of RFI, bandpass, amplitude and phase calibrations for each sub-band. Finally, the calibrated
visibilities of all the sub-bands were recombined for imaging. We assumed 3C48 to be 17.7 Jy at
1.2 GHz, with a spectral index § = —0.76 (Perley & Butler, 2013). These measurements were
used for the 3C48 flux and bandpass calibrations, which were then transferred to J2322+4509.
Finally, we determined gain and phase calibration for J2322+509 and then transferred them to
the target field. Owing to severe RFI, two out of eight sub-bands were flagged, thus leaving

1See https://science.nrao.edu/facilities/vla/docs/manuals/obsguide/topical-guides/lofreq
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Figure 4.2: Bursts from FRB 20220912A observed at 408 MHz. Both the de-dispersed, dynamic
spectrum (bottom sub-panels) and the frequency-averaged profiles (top sub-panels) are shown. For a
better visualisation, the data were down-sampled to have 16 frequency channels (each 1 MHz wide)
and time bins 1.5 ms in width. Horizontal white rows (highlighted with red ticks) are flagged channels
due to RFL



300 MHz of remaining bandwidth. Imaging was carried out with the TCLEAN task in CASA,
by weighting the visibilities according to the briggs scheme with a ROBUST parameter —1. We
achieved a final noise level of 36 uJy beam™! at an angular resolution of 1.97” x 1.77".

4.3.4 Swift and AGILE monitoring

Since its discovery (McKinven & Chime/Frb Collaboration, 2022), FRB 20220912A has
been added to the AGILE list of sources monitored during the Spinning-mode observations.
We verified the source exposure with the MiniCalorimeter (MCAL; 0.4 MeV < E < 100 MeV)
detector and the AGILE gamma-ray imaging detector (GRID; 30 MeV < E < 30 GeV). We
took the de-dispersed topocentric arrival times at infinite frequencies as the arrival time for
each burst. AGILE acquired MCAL data covering 3 of the 16 bursts presented here, due to the
South Atlantic Anomaly (SAA) passages or Earth occultation. We selected good events with
standard selection criteria, such as the SAA passages time intervals exclusion, along with the
inclusion of events with off-axis angles smaller than 60 degrees or at angles from Earth direction
greater than 80 degrees.

A monitoring campaign with Swift was also started in autumn 2022, similar to the one
dedicated to FRB 20180916B (partially reported in Tavani et al., 2020; Trudu et al., 2023).
Swift observed FRB 20220912A with the X-ray Telescope (XRT, Burrows et al., 2005), as one
of the three instruments on board. The Swift/XRT X-ray (0.3-10 keV) data were obtained
daily after time of opportunity requests during source activity phases (on November 2022, and
July-October, 2023, partially covering the radio monitoring presented in this work). The XRT
observations were carried out in windowed timing (WT) readout mode, with 2-10 daily pointings.
The time resolution of WT data is 1.8 ms and each pointing has a typical exposure of ~ 1.8 ks.
We considered the combination of all the data and processed them using the XRTDAS software
package (v.3.7.0)? within the HEASoft package (v.6.32.1). We cleaned and calibrated the data
with standard filtering criteria using the xrtpipeline task and the calibration files available from
the Swift/XRT CALDB (version 20230705). The imaging analysis was executed selecting events
in the energy channels between 0.3 and 10 keV and within a 20 pixel (~ 47”) radius, including
the 90% of the point-spread function. The background was estimated from a nearby source-free
circular region with the same radius value.

4.4 Results and discussion

The search for FRB candidates in NC data follows the strategy employed in Trudu et al.
(2022) and Pelliciari et al. (2023b), using the SPANDAK pipeline (Gajjar et al., 2018), which flags
RFIs through RFIFIND (Ransom et al., 2002) and searches for single pulses with HEIMDALL
(Barsdell et al., 2012). We considered a S/N greater than 8 and a boxcar width shorter than
35 ms. We carried out our search using DM between 200 pc cm™ and 240 pc cm ™3, given
the nominal 220 pc cm™ DM of the source. In the case of observations at 1.4 GHz, we set
the threshold S/N > 10, to minimise the RFI contamination. To cross-check the results of the
single-pulse search conducted at 1.4 GHz with the pipeline described above, we searched for
FRBs in a large amount of data also with the processing pipeline described in Kirsten et al.
(2021, 2024), which searches FRB with HEIMDALL and classifies bursts with the deep learning
classifier FETCH (Agarwal et al., 2020).We estimated the completeness of our observations at
both 408 MHz and 1.4 GHz via injections of simulated burst. We used FRB-FAKER? (Houben
et al., 2019) to inject 100 bursts of 1 ms duration with a DM of 220 pc cm™ at random times.

2developed by the ASI Space Science Data Center (SSDC)
3https://gitlab.com/houben.1jm/frb-faker
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Figure 4.3: Comparison between the cumulative spectral energy rate distribution for two hyperactive
repeaters at different observing frequencies and times. Left: FRB 20220912A at 408 MHz (white
stars; this work), 1.25 GHz (orange circles; Zhang et al., 2023a), 1.4 GHz (green pentagons and red
squares; Feng et al., 2023; Hewitt et al., 2024) and 1.572 GHz (blue diamonds; Sheikh et al., 2023).
The 95% C.L. UL for R(E, > 2.5 x 103 erg Hz ') from our 1.4 GHz observations is plotted as a black
downward arrow. Right: FRB 20201124A at 600 MHz (pink stars; Lanman et al., 2022), 650 MHz
(blue squares; Marthi et al., 2022), 1.25 GHz (orange circles; Zhang et al., 2022) and 1.4 GHz (green
diamonds; Kirsten et al., 2024). The 95% C.L. UL for R(E, > 2 x 103! erg Hz ') from P (334 MHz)
resulting from non-detections in Kirsten et al. (2024), is plotted as a blue downward arrows.

We varied the S/N of the injected burst between 5 and 20 and we ran the same pipeline used
for the search in order to retrieve the injected bursts. We find a 95% completeness for a fluence
of 17 and 20 Jy ms at 408 MHz and 1.4 GHz respectively.

We detected a total of 16 bursts at 408 MHz and labeled them as “Bn”, then ordered them
according to their time of arrival (ToA). We show their dynamic, de-dispersed spectra in Fig.
4.2, while their measured properties are reported in Table 4.1. All radio bursts, except for the
first one, BO1, were detected during the second period of the campaign (i.e. later than May 17",
2023) when 16 cylinders were used. We fit a Gaussian profile to the de-dispersed FRB spectrum,
integrated over the burst profile, and found that the full width at half maximum (FWHM) of
all bursts are compatible with the 16 MHz bandwidth, apart from B14, whose extensions is only
~ 6 MHz. Furthermore, we found no evidence of scattering and sub-burst structures on time
scales larger than 138.24 us for any of the detected burst.

Given the S/N of a burst, we computed its fluence as the product of its peak flux density

Foeax and its FWHM duration w, where the former is obtained as (Lorimer & Kramer, 2004):

p

SEFD

Fpeare = S/N
pesk = 5/ AN, N, (1 — &) Avey w

C(ToA). (4.1)

Here, SEFD = 8400 Jy (Trudu et al., 2022) holds for each receiver (i.e., each group of sixteen
dipoles), N, = 1 is the number of polarisations, N, = 1024 is the number of spectral channels
and Avg, = 14.4 kHz the channel width. Furthermore, A is the number of receivers included in
either the eight (A = 32) or sixteen (A = 64) cylinders, £ is the fraction of channels excised by
RFIs, and, finally, the attenuation of the primary beam at the burst ToA is given by ((ToA)
(Trudu et al., 2022; Pelliciari et al., 2023b).
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Given the burst fluence, we computed the corresponding burst spectral energy F,:

2
4m D F
— 1030 L 1
E,=10 e (1028 . ) (Jy s) erg Hz . (4.2)

Here the burst isotropic energy is E; (e.g. Macquart & Ekers, 2018b; Chawla et al., 2022) per
unit bandwidth. Also, Dy = 380.86 Mpc is the luminosity distance of the source, obtained
considering z = 0.0771, the redshift of the source, and the Planck 2015 cosmology (Planck
Collaboration et al., 2016).

We computed the cumulative spectral energy rate R(> FE,) at 408 MHz. We plot it in
Fig. 4.3, together with spectral energies from literature observations®*. It follows a power law in
the 3 x 10% < B, < 3 x 103 erg Hz~! range:

R(> E,) = Ry(> E,) (EF:’O)QE , (4.3)

where E,q = 3 x 10% erg Hz"!. As a reference, the NC 95% completeness fluence limit
corresponds to 3 x 103" erg Hz~!. We found the best fit values to be Ry = 0.19 £ 0.03 hr~! and
ap = —1.3 £ 0.2, respectively. We do not report any detections at 1.4 GHz, from which we
placed a 95% C.L. upper limit (UL) of 0.017 hr~! on the burst rate at 1.4 GHz for & > 20 Jy
ms (corresponding to £, = 3.2 x 10%° erg Hz ™).

We repeated the analysis for FRB 20201124A°, another very actively repeating FRB source
(Xu et al., 2022; Zhang et al., 2022). The resulting distributions are shown in Fig. 4.3, while
the best fit parameters obtained for each observation are listed in Table 4.2.

The cumulative spectral energy rates are fairly similar between FRBs 20220912A and
20201124A, both in the range of the energetic and the repetition rate. This could be an
indication that these two sources share the same emission mechanism (James et al., 2020),
as also highlighted by other similarities such as their reported double-peaked waiting time
distribution and complex time-frequency structures of their bursts (see e.g. Zhang et al., 2022,
2023a). Regarding FRB 20220912A, the repetition rate for bursts having F, > 2 x 10%° erg Hz !
decreased from ~ 10 hr™! (Zhang et al., 2023a; Feng et al., 2023) during a storm event, to ~ 0.1
hr~!, approximately two months later (Sheikh et al., 2023), when the storm ended. Lastly, it
dropped to less than 0.017 hr~! nearly a year later, as we could see from our 1.4 GHz monitoring
(see Fig. 4.3). However, the source remained active at 408 MHz, exhibiting comparable levels of
repetition rate to those reported by Sheikh et al. (2023). FRB 20220912A is, as far as we know,
the only FRB source that shows a decline of more than four orders of magnitude in its burst
rate in the L band.

A similar behaviour, albeit inverted in frequency, can be seen for FRB 20201124 A, where the
burst rate dropped from ~ 0.2 hr=! as reported at 550 — 750 MHz observations (Marthi et al.,
2022) to < 5 x 1073 hr=! at (2 x 103! erg Hz™!, as resulting from non-detections at 334 MHz
in ~ 650 hr of observing time (Kirsten et al., 2024). To obtain the minimum spectral energy
corresponding to the latter observational campaign, we used equation 4.2, considering the 91 Jy
ms completeness fluence reported in Kirsten et al. (2024).

Interestingly, we note the same flattening of the cumulative spectral energy rate distribution
for high energetic bursts as the one previously reported for R1 (Hewitt et al., 2022; Jahns et al.,
2023) and, more recently, for FRB 20201124A (Kirsten et al., 2024). As can be noted also from
the best fit values obtained for ag in Table 4.2, the case for FRB 20220912A is particularly

4Isotropic energies are obtained by multiplying the spectral energies for 16 MHz at 408 MHz and 64 MHz at
1.4 GHz, respectively.

SWe considered a redshift z = 0.098 (Kilpatrick et al., 2021), corresponding to a luminosity distance Dy, = 453.3
Mpc (Zhang et al., 2022).
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Table 4.2: Parameters obtained from the power-law fitting of the cumulative energy distributions for
FRBs 20220912A and 20201124A. The first column represents the spectral energy threshold over which
data no longer follow a simple power law, the second and third column represent the best-fit values for
the parameters of the fitting power-law function (equation 4.3). The references for the data that we
used to compute the cumulative burst rate distributions are listed in the last column.

E,o (10*° erg Hz™') Ry (hr™!) ap Ref.
FRB 20220912A
1 205 £3 —2.13+£0.3 Feng et al. (2023)
1 10.5 £ 1.5 —2.154+0.01 Zhang et al. (2023a)
2 1.51+0.2 —24+0.2 Hewitt et al. (2024)
3 0.19 £ 0.03 —1.3£0.2 This work
25 0.036 +0.007 —1.03+0.3  Sheikh et al. (2023)
FRB 20201124A
0.5 6.8+0.5 —2.5+0.2  Zhang et al. (2022)
2 0.74 £0.18 —2.0£0.3 Lanman et al. (2022)
3 942 ~1.740.3  Marthi et al. (2022)
10 0.0354+0.01 —0.96+0.2 Kirsten et al. (2024)

similar to FRB 20201124A. We note that ap shifts from approximately —2 for E, > 10% erg
Hz ! to roughly —1 at E, ~ 2 x 103! erg Hz~!. Moreover, high energetic bursts present a
slope aup = —1.03 0.3, obtained by analysing L band data from Sheikh et al. (2023), which is
fully consistent with the power law slope, ag, obtained by fitting the cumulative luminosity
distribution of apparently non-repeating FRBs (James et al., 2022a,b; Shin et al., 2023). As a
reference, James et al. (2022a) obtained ap = —0.9570 1%, but the other measurements are still
consistent with this value. Regarding R1, the cumulative isotropic energy distribution flattens
to ap = —0.88 + 0.01 for Fi, > 1.3 x 10 erg (Jahns et al., 2023). This value for ay roughly
agrees with other reported values as obtained by fitting the R1 cumulative energy distribution
at high energies (Law et al., 2017; Gourdji et al., 2019; Cruces et al., 2021; Hewitt et al., 2022).
Even if the cumulative slopes are similar to the case of FRBs 20220912A and 20201124A, we
note that Fi, = 1.3 x 10% erg corresponds to a spectral energy of® ~ 4 x 10% erg Hz™!, which
is approximately one order of magnitude lower than the break spectral energy we obtained for
the other two repeaters.

4.4.1 Constraints on broad-band spectral index

No multi-band observations of FRB 20220912A have been reported yet. However, from a
period of burst storm detected by the Five-hundred-meter Aperture Spherical Telescope (FAST),
Zhang et al. (2023a) obtained a synthetic L band (1 — 1.5 GHz) spectral index of —2.6 4+ 0.21
(Zhang et al., 2023a). This value was derived by fitting a spectrum obtained by averaging the
fluence of all their reported bursts, characterised by having single narrow-band spectra with
emission occurring only over 20% of the observing bandwidth (Zhang et al., 2023a), in different
frequency channels. Although this is a valid way to obtain an in-band spectral index, we suggest
some caution when making a direct comparison between an UL on the broad-band spectral index
and the in-band ( value obtained in Zhang et al. (2023a). Indeed, our observations probe the
broad-band spectrum of the source, which can be obtained only when considering simultaneous
bursts arriving at separate frequency bands.

SWe divided the break istropic energy as reported in Jahns et al. (2023) by 450 MHz, i.e. an average effective
bandwidth as reported therein. This value for the break spectral energy agrees well with what reported in Hewitt
et al. (2022), when considering a bandwidth of 275 MHz.
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Table 4.3: ULs on fluence and broad-band spectral index § for Mc radio telescope observations for
which there is a simultaneous burst detection at 408 MHz from NC radio telescope. The second and
third columns represent the limits on fluence and broad-band spectral index, respectively. The former
represent the 20 detection threshold, where o is the Mc radio telescope rms noise computed on a sample
of data of duration 7, with 7 the FWHM of the given burst as observed at 408 MHz.

Burst ID  F14 (20, Jy ms) I6;

B08 < 6.3 < —1.6
B09 <49 <—-14
B10 < 4.8 < —-1.1
B11 < 10.1 < =23
B12 <44 < =23
B13 < 5.5 < —-1.9

During our observational campaign, a total of six bursts (B08-B13) have been detected in
the P band during simultaneous L. band observations of which we do not report any counterpart.
Henceforth, we use these non-detections to provide ULs on the L band fluence of these bursts,
which (in turn) imply ULs on the FRB 20220912A broad-band (408 MHz — 1.4 GHz) spectral
index. For each detected burst with an L band simultaneous observation we computed the
fluence UL using the radiometer equation (4.1), considering the same width of the corresponding
burst in the P band. We considered a 20 detection threshold in this case, since our goal has
not been to search for bursts blindly with HEIMDALL, which has a minimum S/N search of
~ 6. Instead, we manually inspected the Mc radio telescope data at burst topocentric arrival
times, after correcting them for the DM of the bursts. The brightest burst we detected during
our campaign is B11, with a measured fluence F' = 145 + 4.6 Jy ms at 408 MHz. We do not
report any significant radio emission down to 20 at 1.4 GHz and this translates into a fluence
UL of 10.1 Jy ms in the L band for a burst having a 14.6 ms duration. This UL translates into
B < —2.3. The same limit on [ is obtained by the non-detection of an L band counterpart for
B12, which has an high S/N as well but with a x10 shorter duration than B11. We report all
the ULs obtained from our observations in Table 4.3.

Our non-detections in the L band undermine the hypothesis of a positive (or flat) broad-band
spectral radio emission. We find our UL on f in disagreement with g = 2.1, as measured
for a burst from R1 in the multi-frequency, Arecibo (1.4 GHz) — VLA (3 GHz) campaign;
namely, this is the only simultaneous FRB detection present in the literature (Law et al.,
2017). The other bursts reported in Law et al. (2017) have not been detected simultaneously by
the two observatories, showing that the broad-band spectral behaviour of the source cannot
simply be modelled by a power law function. Moreover, also a spectrum with 5 ~ 1 as the
one measured from FRB 20200428, the Galactic FRB, simultaneously detected by CHIME at
600 MHz CHIME/FRB Collaboration et al. (2020) and STARE2 at 1.4 GHz (Bochenek et al.,
2020) can be ruled out based on our observations. Therefore, our UL could imply either that
FRB 20220912A is characterised by a steep radio spectrum or it could be a consequence of its
intrinsically narrow-band emission (Zhang et al., 2023a; Feng et al., 2023; Sheikh et al., 2023).

Our UL is somewhat inconsistent with the very flat spectrum usually observed for radio-
loud magnetars (Camilo et al., 2008; Lazaridis et al., 2008; Dai et al., 2019); however, large
fluctuations in the spectral index are observed locally in magnetars, for instance, in the case
of XTE J1810-197 (Lazaridis et al., 2008; Maan et al., 2022). An interesting exception is
the radio-loud magnetar Swift J1818.0-1607, which has shown emission in a steep spectrum
with § ~ —2.26 (Lower et al., 2022). A broad-band emission with this spectral index seems
to be disfavoured by our observations. Nevertheless, we must be careful in comparing the
spectral index for radio-loud magnetars and FRBs, since (up to now) the former showed only
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Figure 4.4: Optical Pan-STARRS (i filter) image of PSO J347.2702+48.7066, the host galaxy of
FRB 20220912A, with contour levels representing the continuum radio source we detected at 1.26 GHz,
with a 1.97” x 1.77” synthesised beam. Contours are drawn from three to six times the rms noise level
o ~ 36 uJy beam~!. The white cross represents the position of the APTF J23 radio source, with the
cross extensions corresponding to 1o uncertainties on its centroid (Hewitt et al., 2024), while the blue
cross indicates the position of FRB 20220912A localised at milliarcsecond angular resolution (Hewitt
et al., 2024). The synthesised beam of our uGMRT observations is represented in the bottom left corner
of the image as a white ellipse.

pulsed emission (but see also Esposito et al., 2020). The only two exceptions to date are SGR
J1935+2154 (CHIME/FRB Collaboration et al., 2020; Bochenek et al., 2020; Zhang et al., 2020;
Kirsten et al., 2021; Good & CHIME/FRB Collaboration, 2020) and 1E 1547.0-5408 (Israel
et al., 2021), which also showed FRB-like bursts, before entering a pulsar-like phase (Zhu et al.,
2023). For the former, FRB-like bursts are emitted in random phases (unlike radio pulsations,
which instead arrive in a phase windows anti-aligned with X-ray pulsations), hinting at different
emission mechanisms between radio pulses and FRB-like bursts (Zhu et al., 2023). For 1E
1547.0-5408, rather, FRB-like bursts are not aligned in phase with radio pulsations, nor with
X-ray bursts (Israel et al., 2021).

4.4.2 Continuum radio emission from FRB 20220912A host galaxy

In our uGMRT image at 1.26 GHz, we detect a continuum source spatially coincident
with the coordinates of PSO J347.2702+48.7066, the host galaxy of FRB 20220912A. The
source integrated and peak flux densities are consistent at 1o level; thus, we considered it as
unresolved in our observations. Its centroid has coordinates R.A. (J2000) = 23"09™04.88°+0.017
s, Dec. (J2000) = +48°42'24.04” £ 0.25”. Such position is well in agreement with R.A. (J2000)
= 23809™04.8988° 4 0.0003 s, Dec. (J2000) = +48°4223.9078" 4 0.005”, namely the localisation
of FRB 20220912A obtained from European VLBI Network (EVN) observations (Hewitt et al.,
2024). The radio contours of the source we detect are shown in Fig. 4.4, as well as the VLBI
localisation of the FRB. In the same figure, the optical image taken from the Panoramic Survey
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Table 4.4: AGILE FRB 20220912A bursts coverage and MCAL ULs. The second and fourth columns
report the presence or absence of the source in the field of view (FoV) of the two onboard detectors
here considered, respectively. In the third column we report the existence of an MCAL data acquisition
at trigger time. MCAL fluence 30 ULs in 0.4—-30 MeV band are evaluated only when no coincident
data acquisitions at the burst times is present; MCAL trigger "False Alarm Rate" (FAR) are evaluated
when coincident data acquisition is present. ULs (1 ms) refer to the UL fluences that would be required
to issue a trigger with the onboard 1 ms MCAL trigger logic timescale (see Ursi et al., 2022a). Since
there is no evidence of a detection in the acquired triggers, we checked in the 100 days preceding each
burst time to estimate the FAR corresponding to each trigger.

Burst MCAL MCAL GRID UL MCAL UL

ID FoV D.A.  FoV (30) trigger FAR 1 ms
[erg cm™2]  [evt/hour|  [erg cm™?]

BO1 idle mode

B02 YES NO NO - - 3.22 x 1078

B03 idle mode

B04 YES NO NO - - 2.59 x 1078

B05 YES NO YES - — 1.84 x 1078

B06 YES NO NO - - 5.15 x 1078

BO7 no data

B08 YES NO NO - — 4.22 x 1078

B09 YES YES NO 2.06 x 1077 ~ 4.0 -

B10 YES YES NO 2.04 x 1077 ~ 4.0 -

B11 YES YES NO 2.00x 1077 ~ 4.0 -

B12 YES NO NO - — 2.17 x 1078

B13 idle mode

B14 idle mode

B15 YES NO YES - — 1.83 x 1078

B16 no data

Telescope & Rapid Response System (Pan-STARRS) data archive 1 (PS1; Flewelling et al.,
2020) is shown.

We measured a flux density of 240 + 36 uJy at 1.26 GHz, which corresponds to a spectral
luminosity of L, ~ 4 x 10®® erg s7! Hz™!. We are aware that EVN observations ruled out
the presence of a PRS surrounding FRB 20220912A at milliarcsecond scale for an rms of 16
pJy beam ™!, placing an UL of 1.2 x 10?® erg s~ Hz ! on its spectral luminosity at 1.4 GHz
(Hewitt et al., 2024). In the same work, a continuum radio source, APTF J230904 4484222
(APTF J23), detected by the Westerbork Synthesis Radio Telescope Aperture Tile In Focus
(WSRT-APERTIF) has been reported, with a position consistent with the coordinates of FRB
20220912A host galaxy. This source has a peak flux density of 270 &40 pJy beam™!, which falls
within the measured flux range of our source, considering the associated uncertainties. Although
APTF J23 is offset by ~ 1.6” with respect to the FRB VLBI position (see Fig. 4.4), the ~ 2"
uncertainties associated to its centroid makes APTF J23 consistent at 20 level with the position
of our detected source. We thus conclude that the source we detect and APTF J23 are the same
radio source, albeit observed in this work with an improved spatial resolution by a factor of four.

Finally, we note that the contour levels of the PRS we are aiming to detect are offset by
approximately 0.6” (about 0.9 kpc in physical size) from the geometric centre of the host galaxy.
This offset lowers the plausibility that an active galactic nucleus (AGN) is the origin of this
source and, instead, suggests that the radio emission is originating from a star formation region
in the vicinity of FRB 20220912A.
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Table 4.5: Swift exposures and flux ULs (0.3-10 keV).

Start time Stop time UL
(UTC) [erg cm™2s7!]
2022-11-11 19:26:15 2022-11-20 18:29:56 2.3 x10~
2023-07-25 00:09:32  2023-07-30 02:47:55 2.5 x10713
2023-08-29 21:26:07 2023-09-09 21:01:56 2.1 x10~13
2023-09-29 22:27:14  2023-10-05 21:30:56 4.9 x10713

4.4.3 Results from the high energy monitoring of FRB 20220912A

As a first step, we checked the burst exposures in the AGILE source monitoring, as well
as the position of the source within the AGILE FoV at each burst time. The relative AGILE
exposure to the source is reported in Table 4.4. We obtained a coverage of three of the observed
bursts with MCAL data but no detection was found analysing the light curves in five binnings
(16, 32, 64, 256 ms, and 1 s) and considering shifts of 1/4 of bin (four shifts for the first two time
scales, two for the second two). We extracted a 30 C.L. fluence ULs in 0.4 — 30 MeV energy
band considering a cut-off power-law model, with a photon index of —0.70 and cut-off energy of
65 keV (as reported for the FRB 200428 burst by Mereghetti et al., 2020). We also estimated
UL fluences that would be required to issue a trigger with the onboard 1 ms MCAL trigger logic
timescale (see Ursi et al., 2022b). We report the corresponding ULs in Table 4.4. These MCAL
UL values are somewhat lower than the similar values previously published (see for instance
Trudu et al., 2023), thanks to the non-standard spectral model applied in this work. The most
stringent UL that we can place on the radio efficiency n = E./ERaqio is from burst B05, for
which the non-activation of the MCAL trigger system permits us to obtain n < 1.5 x 10° at 30
C.L. in the 0.4 — 30 MeV energy range. We conclude that observations in this work confirm
the exclusion of giant X-ray flares as possible X-ray countepart of B05. Moreover, we set an
UL value on 7 consistent with those previously reported for one-off and repeater sources (see,
e.g., Figure 3 from Pearlman et al., 2023, and references therein). We note that our UL for 7 is
conservative. Indeed, n depends on the radio isotropic energy of the burst, which in turn relies
on the spectral occupancy. In our case, we considered Av = 16 MHz, which is the observed
bandwidth of the NC radio telescope, but the unknown intrinsic spectral width of the burst
likely exceeds this value, and it could allow tighter constraints to be placed on 7.

AGILE/GRID covered 2 of the 16 bursts (B05 and B15) at their ToA. We analysed GRID
data near burst arrival times on short (100 s around the bursts), and longer timescales (+10 days
and 100 days starting about B05 trigger time). The long-timescale data analysis was performed
applying the standard AGILE multi-source maximum likelihood (AML; Bulgarelli et al., 2012),
which is mainly applied to exposures longer than a few hours. We report no detection at
short timescales for AGILE/GRID. Finally, we extracted 30 ULs in the E> 100 MeV band
for two long time integrations, 10 days after each burst and 100 days after burst B05 (the
latter period of time includes also B15). We obtained ULjpq=2.0 x 107'! ergem™2s™! and
ULjgog = 4.4 x 1072 ergem™2s™!. From the latter, we obtained L, < 7.1 x 10* erg s~ for the
persistent y-ray luminosity of the source.

No X-ray source was detected at > 30 C.L. in the whole Swift/XRT WT mode dataset. We
note however, with a detailed single observation check, that no radio burst was exposed even
including three more proposals acquired in photon counting (PC) mode: burst BO1 occurred 16
hrs after the observation on October 16th, 2022, while B16 occurred within our third observations
but did not fall within the WT mode sky window. We then extracted a 3o countrate ULs
for our observations using the XIMAGE package (sosta command) and converted to fluxes
using a standard single power-law spectral model with a photon index of 2.0, and correcting for
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absorption for a column density of Ny fixed to the Galactic value of 1.43 x 10*'cm ™2 (HI4PI
Collaboration et al., 2016) corrected for the redshift of the source (Ravi et al., 2023). The
X-ray observations exposure and the corresponding ULs for the persistent X-ray fluence are
reported in Table 4.5. From the latter, we obtained an UL for the persistent X-ray luminosity
Lx = 4rD2Fx /(1 + 2) < 3.4 x 10*? erg s7!, where Dy is the luminosity distance of FRB
20220912A. We note that this UL excludes the majority of mid- and high-luminosity AGNs,
which typically have X-ray luminosity Lx > 103 erg s7! (e.g. Padovani et al., 2017). This offers
further evidence that the radio source detected with uGMRT (see Section 4.4.2) originates from
a region of star formation, rather than from an AGN.

4.5 Summary and conclusions

In this work, we present a campaign of simultaneous observations at 408 MHz and 1.4 GHz,
taken with the NC and Mc radio telescopes, respectively, of one of the most active repeaters
known to date: FRB 20220912A. During the campaign, we detected 16 bursts from FRB
20220912A at 408 MHz. We found that the cumulative burst rate as a function of the spectral
energy at 408 MHz can be aptly fitted with a single power-law function R(> E,) o< ESE, with
ap = —1.3£0.2. We do not report any burst detection at 1.4 GHz in a total of 177 hr above a
fluence and a spectral energy threshold of F > 20 Jy ms and 3.2 x 100 erg Hz ™!, respectively.
These non-detections place an UL of 0.017 hr=! at 95% C.L for the burst rate at 1.4 GHz,
which is about four orders of magnitude lower than the level of activity reported at the same
frequency during a burst storm of the source (Zhang et al., 2023a; Feng et al., 2023) at the same
spectral energy. On the other hand, the source remained active at 408 MHz with comparable
repetition rate as observed from a long monitoring after the end of the burst storm (Sheikh
et al., 2023). Interestingly, we note that the cumulative spectral energy rate distribution of FRB
20220912A flattens for bursts having a spectral energy of £, > 103! erg Hz ™!, changing slope
from approximately ag ~ —2 to ag ~ —1. This flattening feature has been reported so far for
two other well-studied hyperactive repeaters, R1 (Hewitt et al., 2022; Jahns et al., 2023) and
FRB 20201124A (Kirsten et al., 2024). As discussed in Kirsten et al. (2024), this could be linked
to a different type of emission mechanism, emission site or beaming angle between low and high
energy bursts. This could potentially represent a link between one-off bursts and repeating
sources (James et al., 2022b; Kirsten et al., 2024). The fact that also FRB 20220912A shows
this kind of behaviour, combined with the fact that high energy bursts present a slope that is
amply consistent with that of the non-repeaters population (James et al., 2022a,b; Shin et al.,
2023), provides further support to the idea that a fraction of apparently non-repeating FRBs
could (instead) be repeating sources with very low repetition rates (Ravi, 2019; James, 2023).
We compared the cumulative spectral energy rate for FRB 20220912A and FRB 20201124A,
highlighting a strong similarity between the two distributions, both in terms of the spectral
energy and repetition rate ranges.

In total, 6 of the 16 bursts detected at 408 MHz arrived during simultaneous observations at
1.4 GHz, allowing us to place the first ULs to the broad-band (408 MHz — 1.4 GHz) spectral index
B of FRB 20220912A. Analysing the Mc data at the ToA of burst B11, which has the highest
fluence, we obtained an UL of 8 < —2.3, indicating that the source (under the assumption of
an intrinsically broad-band emission) exhibits a very steep spectral index. Our observations
then strongly disfavor a flat or even inverted spectrum for FRB 20220912A. We note that this
is different than what has been reported for the only two simultaneous detections of FRBs
in separate frequency bands, the latter indicating a positive spectral index (Law et al., 2017,
Bochenek et al., 2020; CHIME/FRB Collaboration et al., 2020). Our findings support the idea
that the intrinsic spectrum of FRB 20220912A’s bursts is narrow-band, as reported in recent
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observations (Zhang et al., 2023a; Feng et al., 2023; Sheikh et al., 2023; Hewitt et al., 2024).

Additionally, we reported three-hour-long continuum radio observations of FRB 20220912A
field using the band 5 (1050 — 1450 MHz) of the uGMRT. We detected a continuum radio
source of 240 + 40 pJy flux density that is spatially coincident with the FRB 20220912A VLBI
localisation. Given it has not been detected in recent, deep, EVN observations (Hewitt et al.,
2024), we suggest that this continuum radio source may possibly originate from a region of star
formation, potentially located in the vicinity of the FRB source. This is corroborated by the
0.6” offset (0.9 kpc in physical size) between the source centroid and the geometric centre of the
optical host galaxy, which excludes the hypothesis that the radio source is being powered by an
AGN.

Finally, we report the results of an X- and 7-ray monitoring of FRB 20220912A with the
Swift and AGILE space missions in X- and ~ rays, respectively. We reported no detection
for either of these high-energy campaigns. Regarding AGILE, we placed an UL on the radio
efficiency of n = E,/Eraqi0 < 1.5 X 10° for the B05 burst, consistent with literature ULs from
one-off sources and repeaters (Pearlman et al., 2023), along with a persistent v-ray luminosity
UL of L, < 7.1 x 10* erg s~'. From Swift observations we obtained instead a UL for the
persistent X-ray luminosity (0.3 — 10 keV) of Ly < 3.4 x 102 erg s7*.

Appendix A. Multi-wavelength follow up of new CHIME
repeaters

The extensive observing time available with the NC is ideal for monitoring FRB sources,
particularly for studying the physical properties of active repeaters. For this reason, in addition
to the observations mentioned in this Chapter and in Chapter 3, further monitoring of other FRB
sources has been carried out and continues nowadays. One example is FRB 20240114A, one of
the newest discovered repeaters from CHIME/FRB (Shin & CHIME/FRB Collaboration, 2024),
which soon after its discovery showed hyper-activity (e.g. Uttarkar et al., 2024; Ould-Boukattine
et al., 2024). As done for FRB 20220912A, we started monitoring this source right after its
discovery, collecting two burst detections at 408 MHz (Pelliciari et al., 2024b,c), shown in Figure
4.5. As evident from the Figure, while the burst on the left presents a single, Gaussian-shaped
burst component, the one on the right presents multiple sub-burst components. The main one
(labelled as C1 in Figure 4.5) has a FWHM duration of 1.8 ms and a fluence of 124.3 £ 1.5 Jy
ms. The second component (C2) arrives ~ 7.5 ms before C1, has a 1.9 ms duration, and a
fluence of 24.6 + 1.5 Jy ms. We also note a third, faint component (C3) arriving 3 ms after C1,
with a duration of 1 ms. Interestingly, this composite burst has been simultaneously detected
by Westerbork RT-1 at a central frequency of 328 MHz (Ould-Boukattine et al., 2024). The
total burst bandwidth probed by this simultaneous detection is 116 MHz, still consistent with
the observed bandwidth of repeaters (see, e.g., Pleunis et al., 2021b). Moreover, our two burst
detections have been used in Kumar et al. (2024a), to reveal a potential quenching of the source
emission at low frequency after an initial period of activity.

Apart from FRB 20240114A, observations of NC are often complemented by observations
at higher frequencies through observations requests with the Mc, Noto, and Sardinia radio
telescopes. Thus, in addition to the goal of studying how the activity of a source varies through
long and repeated observations, there is also the aim of investigating the spectral properties of
FRBs, which are still not well understood.

In particular, Chime/Frb Collaboration et al. (2023) reported the discovery of 25 repeating
sources (gold sample) along with 14 repeater candidates (silver sample). Among the gold
sample, many repeaters present high repetition rates. We conducted a multiwavelenght P-L
band monitoring of the most promising sources of the gold sample, in terms of repetition rate.
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Figure 4.5: Burst detections of FRB 20240114A at 408 MHz with the Northern Cross radio telescope.
For each plot, the upper sub-panel shows the frequency-averaged time-series, the central sub-panel
shows the dynamic spectrum, incoherently de-dispersed at the DM reported in the upper right corner
of the plot, and the lower sub-panel shows the butterfly DM-time plot.

For these observations we used the same obervational setup as described in Section 4.3. In
particular we selected FRBs 20201130A, 201909915D and 20200929C. Additionaly, we monitored
four repeater candidates from the silver sample only at P-band with the NC radio telescope.
The latter are FRBs 20190303D, 20190812A, 20200320A and 20210323C. We list their principal
observational properties in Table 4.6, along with the total exposure time spent on each source
with the NC and Mc radio telescopes. Similarly with what has been done for FRB 20220912A,
we searched for burst candidates using Heimdall/SPANDAK pipelines in a ADM = 100 pc cm ™3
range around their reported DM (Chime/Frb Collaboration et al., 2023). We do not report any
burst detection from these sources, neither at P nor at L-band. These non-detections permit us
to update the previously known repetition rates at P-band in the case of NC observations, and
place the first ULs on the rate at L-band.

For each source selected from the CHIME sample, we estimate its expected repetition rate
for a radio telescope z, where x = NC (Northern Cross) and x = Mc (Medicina), by scaling
properly the reported CHIME burst rate (Rcp) (Chime/Frb Collaboration et al., 2023) for
fluence distribution power law index, «, and a spectral index, (3, as:

B «
v Fth
= i 2 | hrt 4.4
R RCH <VCH) (Fgﬁ) I ) ( )

where vne = 0.4 GHz, v = 1.4 GHz and vcy = 0.6 GHz are the central observing frequencies
for NC, Mc and CHIME radio telescopes, respectively. We considered the following fluence

thresholds: Fi = 20 Jy ms, F{! = 12.8 Jy ms and Fi = 5 Jy ms (CHIME/FRB Collaboration
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Table 4.6: Properties of the monitored FRBs selected from Chime/Frb Collaboration et al. (2023). Columns list: source names following the Transient
Name Server (TNS) convention, DMs, total exposure times spent on source with the NC and Mc (underscore Mc), the associated 95% C.L. (Gehrels, 1986)
ULs on the repetition rate and the ULs at 95% C.L. to the energy distribution power law index « obtained from equation 4.4.

Source name DM (pc em™3) Tyc (hr) Tye (hr) Rxc (> 20 Jy ms, hr™!) Ry (> 12.8 Jy ms, hr™')  axc QM
20201130A(g)  287.984(7) 28.1 14 <0.11 <0.06 <13 <035
20190915D(g)  488.69(2) 50.7 51 <0.07 <0.05 <08 <05
20200929C(g) 479.602(9) 10.5 31.6 < 0.28 < 0.09 - < 1.75
20190303D(s)  714.552(8) 96.8 ; <0.03 - ; -
20200320A(s)  593.524(2) 27.6 : <0.11 - ; ;
20190812A(s)  252.889(2) 87.4 i <0.01 i i ]
20210323C(s)  288.6(3) 39.7 ; <0.08 ; . .
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Figure 4.6: Burst rates for 7 repeating FRB sources. White circles represent the burst rates as reported
in Chime/Frb Collaboration et al. (2023), with error bars representing the 1o uncertainties. Downward
red (yellow) arrows represent the ULSs for each source as obtained from our NC (Mc) monitoring.

et al., 2021; Chime/Frb Collaboration et al., 2023). These repetition rates depend strongly on
3, the spectral index, which is highly unknown and can vary from source to source (see Section
4.4.1). We assume a fiducial § = —1.6 as measured for 23 FRBs with the Australian Square
Kilometer Array Pathfinder (ASKAP) (Macquart et al., 2020a). All the ULs obtained from our
monitoring at P and L bands are shown in Fig. 4.6 and are listed in Table 4.6.

Regarding NC observations, we obtained tighter constraints than CHIME for the two most
active gold-sample repeaters, i.e. FRBs 20201130A and 20190915D. In particular, we obtain
~ 20 and ~ 4 times deeper constraints than Chime/Frb Collaboration et al. (2023) on the
repetition rate of FRB 20201130A and FRB 20190915D, respectively. The same holds for Mc
radio telescope observations, for which we obtained comparable constraints for the gold sample
FRBs.

These constraints permit us to place ULs on the slope of the fluence distribution a using
equation 4.4, and using the rates in Chime/Frb Collaboration et al. (2023). The most stringent
constraint we derive is for FRB 20201130A, the most active FRB source within the gold sample,
for which we obtain a < —1.3 from our NC monitoring on this source. This indicates that, in
order to explain the non-detections at 408 MHz, the fluence distribution of this source must be
steeper than this value for a or that the activity level of the source changed by a factor of ~ 20
since its detection. All the relevant lower limits on « that we derived from our monitoring are
listed in Table 4.6. Our findings indicate that, in general, repeating FRB sources can exhibit
very low repetition rates, making them appear similar to one-off events. This could be due to
periods of inactivity or generally low activity levels in these sources. Consequently, this suggests
that, at least observationally, the distinction between repeating and one-off FRBs may not be
as clear-cut. In fact, some one-off events might eventually repeat if observed for a sufficiently
long time, as already pointed out (see, e.g. James, 2023).
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Chapter 5

The impact of calibration errors on the
FRB localisation using VLBI observations

5.1 Introduction

FRB searches were, for a long time, carried out with single dish telescopes, which offered lim-
ited localisation capabilities. Radio interferometric arrays were not suited for FRB observations
for a variety of reasons: their standard correlator mode operations do not provide sufficient time
resolution to observe ms-long transients; their field of view is often small and, therefore, not
suited for blind transient searches; they are often oversubscribed.

The discovery of repeating FRBs and the increase in computing infrastructure for the newest
generation of radio interferometers, enabled interferometric observations of FRBs. The position
of the first repeating FRBs were measured with a precision of ~ 5 mas (e.g. Marcote et al., 2017),
a factor of ~ 10° improvement on the single dish observations, compared to FAST observing at
1.4 GHz as a reference example.

Accurate localisations of FRBs have become more frequent when interferometers with large
instantaneous field of view have become operational: single telescope voltages are captured
at high time resolution and combined together in either an incoherent or a coherent mode,
searching for FRBs over a large fraction of the field of view. In the case of a detection in this
so-called tied-array beam mode, voltages from the individual telescopes are cross-correlated in
order to take advantage of the interferometric angular resolution in the localisation of the event
(e.g., Michilli et al., 2021; Bezuidenhout et al., 2023; Shannon et al., 2024).

Amongst the localisation techniques, the PRECISE project (Marcote et al., 2022) holds a
special place as it uses a sub-set of the EVN array to observe repeating FRBs and pinpoint
their position with accuracies ranging between 1 and 6 milliarcseconds (Kirsten et al., 2022a;
Nimmo et al., 2022a; Bhandari et al., 2023; Hewitt et al., 2024). At the redshift values of the
known repeaters, they correspond to linear distances between 3 and 20 pc (see, e.g. Bhandari
et al., 2023).

Some important results prior to PRECISE played a key role in its development, particularly
in the localisation of FRBs within their host galaxies, i.e. to a more specific local environment.
The association between R1 and a star forming region provided further association between
FRBs and magnetars born via the CCSN mechanism (Marcote et al., 2020). Moreover, the same
source was associated to a PRS, which resulted unresolved at milli-arcsecond scales from VLBI
observations (Marcote et al., 2020). The localisation of R3 at the edge of a star forming region
permitted important constraints on the age of the source and its possible formation scenarios
(Marcote et al., 2017; Tendulkar et al., 2021). However, the association between FRB 20200120E
and a GC in M81 was largely unexpected and provided evidence for an alternative mechanism
of magnetar (or FRB) formation (Kirsten et al., 2022a).
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The accuracy of localisations obtained via PRECISE (or PRECISE-like) observations is
crucial to the association with the local environment (e.g., a star forming region or a GC)
and the uncertainties on such measurements have been sufficiently small not to hinder such
associations (Marcote et al., 2020; Kirsten et al., 2022a). So far, no assesment of the impact of
calibration errors on the FRB localisation has been made. In this chapter we investigate this
topic, simulating the impact that calibration errors may have on PRECISE-like observations, in
particular if they jeopardize the association within the host galaxy environment. The Chapter
is divided as follows. In section 5.2 I provide and overview of VLBI observations and their
calibration; the analysis and calibration of an actual observation of the active repeater R1 is
presented in Section 5.3. Simulations of PRECISE-like observations of FRBs are presented in
Section 5.4, together with the simulation of their calibration errors. Conclusions are offered in
Section 5.5.

5.2 Elements of interferometry and VLBI

The angular resolution 8, of a single dish observation is defined by the known diffraction

pattern:

9b >~ 5, (51)
where A is the observing wavelength and D is the telescope diameter. The historical quest for
higher and higher angular resolution could not be met by larger and larger telescopes, due to
practical and cost limitations in building telescopes with diameter larger than a few hundreds
meters.

Radio interferometers historically overcame these limitations by cross correlating the outputs
of several individual telescopes in order to "synthesize" a single dish of equivalent aperture
diameter corresponding to the maximum separation between the telescopes D’.

The most basic radio interferometer is a simple 2-element interferometer, where the signals
between two antennas are cross correlated to produce the complex-valued visibility function V:

V(u,v) = Voe ™ / B¢, m) e2miluttom) qp dpm, (5.2)
)

where (u,v) are the coordinates in the so-called (u, v) plane, B is the sky brightness distribution,
(¢,m) are the sky directions expressed in the so-called “direction cosines” (see, e.g., Thompson
et al., 2017a). The geometric relationships between the (u,v) and the (I,m) coordinates is
illustrated in Figure 5.1. Equation 5.2 shows that an interferometer measures the two dimensional
Fourier transform of the sky brightness distribution. If a sufficient number of (u, v) points area
measured, then the sky brightness distribution can be reconstructed via Fourier inversion:

B(l,m) = /V(u, v) e~ 2miem) qy do, (5.3)

An appropriate sampling of the uv plane is achieved in two ways: by increasing the number of
antennas to be cross-correlated and by allowing their relative position to change with respect
to the source as the Earth rotates (the principle called “Earth rotation synthesis”). Figure 5.2
shows an example of uv plane sampling.

Visibilities measured in actual observations, however, are always corrupted by a certain
number of instrumental effects that need to be corrected in post-processing through calibration.

The standard assumption in calibration is that the observed visibilities V° can be related to
the intrinsic (or model) visibilities as (e.g., Hamaker et al., 1996; Smirnov, 2011):

V9 =G;V;G! (5.4)
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Figure 5.1: Relationship between the (u,v) and the (I,m) set of coordinates. Here the baseline between
the two antennas has length Dy and components (u, v, w), where w is pointing towards the source. The
latter has intensity distribution (I, m). The coordinate system (I,m) corresponds to the projection of
a sphere onto a plane tangential to the center of the field target. Credits to Thompson et al. (2017b).
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Figure 5.2: uwv-plane relative to the EVN observations considered in this Chapter (see Section 5.3),
conducted on R1 (i.e. the target of these observations). The plot is colored by baselines. The radial
direction of the points in the plot represents the spectral extension of the visibilities, while the tracks
in the tangential direction are due to the Earth rotation.
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where G are the so called Jones matrices that describe the instrumental corruptions along
the telescope receiving chains. Boldface indicates 2 x 2 matrix quantities, that describe the
four polarization cross-products that can be measured by dual polarization receivers. The
single-polarization form of equation 5.4 becomes:

Ve =gig; Vij. (5.5)

Different instrumental effects can be expressed by different Jones matrices and this approach
is particularly useful when the dependence upon the physical parameters is not correlated.
For example, the frequency response of an antenna (also referred to as the bandpass) depends
essentially upon the receiver electronics (low noise amplifiers and filters) and is generally stable
in time, therefore the associated Jones B matrix will only depend upon frequency and can be
solved for just one time throughout an observation. Conversely, temperature changes in the
ambient induce temporal variations in the receiving response and, therefore, the associated
Jones matrix J will be time dependent. The general Jones matrix G of equation 5.4 can be
factorized as:

Calibration observations take advantage of these assumptions. For example, an observing run
generally begins with a short (10 — 20 minutes) observation of a bright, unresolved source of
known flux density and spectrum that is used to solve for the bandpass B. The run is also
usually interspersed by observations of a secondary calibrator: a moderately bright source as
close as possible to the target in order to be able to calibrate both the receiver gain variations
and the time fluctuations of the atmospheric phase variations. The contribution to the temporal
variation of the visibility phase indeed mostly comes from atmospheric fluctuations and are one
of the prominent corruptions in very long baseline observations (e.g., Rogers et al., 1984; Asaki
et al., 1996; Jung et al., 2008). Under the assumption that amplitude gains are not affected by
instrumental effects or, in other words, that the corruption of visibility phases are essentially
due to gain phases, equation 5.5 can be written as:

,6” e’id)?j(t,l/) — €i¢i(tﬂ/) e—i’t[)j(t,lj) ﬁz] eiéij(t,u)’ 5.7
el (tr)  _ givi(t) =i (ty) eiéu(m'/)’ (5.8)

which leads to: 3
Go,ij(t, V) = ¢i(t,v) +i(t,v) — (L, v), (5.9)

where 7;; is the amplitude of the intrisinc visibilities between antenna ¢ and j, gbgj is the phase

of the observed visibility, 1; and 1; are the gain phases and ggij is the intrinsic phase visibility.
The phase term (¢, v) relative to antenna i can approximated as:

oY, o,
50 2t

where At =t —t,., Av = v — v, are referred to a reference time ¢, and a reference frequency v,.,
respectively. Following Petrov et al. (2011) we define:

¢i,0 - wi<tr> Vr)

i
= a_%i(t“”’") (5.11)

;i
T, = E(tm VT> .

Yilt,v) = ity vr) + At (5.10)

Ti

where 1), o is also referred to as the “peculiar” phase of the antenna 4, 7 is a delay term and
r indicates the rate at which the delays change with time. Therefore, equation (5.10) can be
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Figure 5.3: The EVN. In this Chapter we analyse an observation taken with a subset of the entire EVN,
comprising 12 antennas.

expressed as:

Qgij(ta v) = ¢ij(t,v) + (%‘,0 — 770]',0) + Av(r, — ;) + At(r; — rj) . (5.12)

The calibration of VLBI observations relies on finding solutions for the unknown terms of
equation 5.12 for each antenna, i.e. 1y, 7 and v. This is also the case for our observations.
Visibility amplitudes can also be calibrated using an astronomical source, however, for some
science applications, it is sufficient to apply the system temperature corrections recorded
throughout the observations by the individual telescopes. Equation 5.12 is implemented in the
CASA task FRINGEFIT, that we used in our observations.

5.2.1 The European VLBI Network

The EVN is a network of radio telescopes operated by the Joint Institute of VLBI ERIC
(JIVE) and located primarily in Europe and Asia (Figure 5.3): Badary (32 m, Russia), Effelsberg
(100 m, Germany), Hartebeesthoek (26 m, South Africa), Irbene (32 m, Latvia), Kunming (40
m, China), Lovell (76 m, England), Medicina (32 m, Italy), Metsédhovi (14 m, Finland), Noto
(32 m, Italy), Onsala (O8: 25 m, O6: 20 m, Sweden), Sardinia (64 m, Italy), Sheshan (25 m,
China), Svetloe (32 m, Russia), Tianma (65 m, China), Torun (32 m, Poland), Urumqi (25
m, China), Westerbork (25 m, The Netherlands), Yebes (40 m, Spain), Zelenchukskaya (32 m,
Russia). The frequency coverage ranges from 0.3 to 49 GHz, even though not all the antennas
are available at each frequency. The maximum baseline is 9833 km (Badary-Hartebeesthoek).
The synthesised beam size is between 24 mas (0.3 GHz) and 0.19 mas (43 GHz). The lack
of short baselines which samples the diffuse emission can be partially solved by including the
e-MERLIN in the EVN observation. Before its collapse, the Arecibo radio telescope (305 m,
Puerto Rico) was part of the EVN. Even though in standard VLBI the data are recorded on
disks at the stations and then shipped to the a central correlator for processing, EVN is capable
of real-time correlation with the e-VLBI technique, which uses fibre optic networks to connect
EVN telescopes to the JIVE data processor that correlates the data in real-time. Presently, the
EVN is the most sensitive VLBI array and the only one capable of real-time observations.
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5.3 Very long baseline observations of the R1 FRB

We analysed observations of R1 taken on September 22 2022, from 0" till 6% UT (project ID
ek051e, PI: Kirsten) as part of the PRECISE project!. During the observations a total of 13
antennas were used: Effelsberg (Ef), Torun (Tr), Westerbork single-dish RT1 (Wb), Noto (Nt),
Onsala (08), Medicina (Mc), and single-dishes from eMERLIN, i.e. Cambridge (Cm), Darnhall
(Da)?, Defford (De), Knockin (Kn), Pickmere (Pi), Jodrell Bank Mark II (Jm). Observations
were carried out at 1.4 GHz, with a different bandwidth for each telescope (see Table 5.1
for details). The pointing coordinates were aage = 5" 31™58.7% and o000 = +33° 8 52.57",
consistent with the VLBI localisation of R1 and its PRS (Marcote et al., 2017). The source
J1829+4844 was observed as a bandpass/fringe-finder calibrator and assumed to have a 13.08 Jy
flux density at 1.4 GHz with a o = —0.79 spectral index (Perley & Butler, 2017). The source
J0529+3209 was observed as a secondary calibrator, alternated to the target, for 6 minutes for
each time slot. Eventually, J0541+3301 was observed as a backup source. The target source,
R1, was observed for a total of 3.46 hours.

Antenna ID 14y (GHz) vhign (GHz) ny

pw
Ef 1.26 1.51 8
Tr 1.26 1.51 8
08 1.26 1.51 8
Nt 1.32 1.51 6
Wb 1.32 1.44 4
Mec 1.35 1.47 4
Cm 1.29 1.35 2
Du 1.29 1.35 2
Da 1.35 1.41 2
Kn 1.35 1.41 2
Pi 1.35 1.41 2
De 1.29 1.35 2
Jm 1.35 1.41 2

Table 5.1: Spectral coverage of each EVN dish in the array we used for our PRECISE observation.
The first column represents the antenna ID, the second and third columns are the lowest and highest
frequencies recorded by each antenna, respectively, and the last column is the number of spectral
windows recorded. Each spectral window has a bandwidth of 32 MHz apart from eMERLIN antennas
which have 64 MHz bandwidths.

Visibilities were generated using the SFXC software correlator (Keimpema et al., 2015) at
JIVE, with a 2 s integration time. Each 32 MHz subband was channelized into 64 channels,
500 kHz each. The Astronomical Image Processing System (AIPS Greisen, 2003) and CASA
(McMullin et al., 2007) software packages were used for the data reduction. We used the FITLD
task in AIPS to load the correlated visibilities in the standard FITS-IDI format. Gain curves
and system temperature measurements collected at each station during the observation were
applied to the visibilities for a first-order amplitude calibration, followed by RFI flagging.

Visibilities were exported to UVFITS and then converted to measurement set (MS) format
using the CASA IMPORTUVFITS task and flagged using FLAGDATA task after a manual inspection.
Initially, the calibration source J1829+4844 was used to solve for the peculiar phase ¥y and

https://www.ira.inaf.it/precise/Home.html

2The Da station was virtually split into two stations (Da and Du) by the correlator to account for the
simultaneous recording of different sets of spectral windows (see Table 5.1). As these are physically the same
antenna, we considered the total number of antennas as 12.
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Figure 5.4: Image of the PRS associated with R1. Contours are drawn from 3 to 10 times the rms
noise level o ~ 15 uJy beam™!. The white cross represents the reference position of the same PRS as
obtained in Marcote et al. (2017), with the cross size aproximately representing its 1o uncertainties.
The synthesized beam is 0.028” x 0.026”, and is shown at the bottom left corner of the image as a black
ellipse.

the delay term 7; for each spectral windows. After this step, we also solved for the standard
complex bandpass term using the CASA BANDPASS task, to calibrate phase variations of the
bandpass not represented by a single delay term.

Peculiar phases, delays and bandpass were then applied to the secondary calibrator J0529-+3209,
which we used to solve for a delay term and a delay rate using all the spectral windows and for
each time slot when the secondary was observed. Calibration was followed by flagging and the
procedure was iterated over until calibration solutions converged. All calibration solutions were
then applied to the target R1.

Visibilities corresponding to the R1 observations were Fourier transformed into a dirty image
of 4.6” x 4.6”, using the natural weighting scheme as routinely done in previous PRECISE
observations (Marcote et al., 2020; Kirsten et al., 2022a; Nimmo et al., 2022a; Bhandari
et al., 2023; Hewitt et al., 2024). We used the multifrequency synthesis algorithm to combine
together all the spectral windows. The dirty image clearly shows a point source at the image
centre and no other source across the field of view. We performed a deconvolution down to
a 15 puJy beam™ rms noise and obtained a clear detection of the PRS associated with R1
(Figure 5.4). We fitted a two dimensional Gaussian to the source and found its position to be
Qyo000 = 05" 31™ 58.702°% 4 0.002 s, 32000 = +33° 8 52.551” + 2 mas, and found its flux density
to be 180 + 15 uJy. Both the position and flux density values are consistent with Marcote et al.
(2017), i.e. ayagop = 5 31™ 58.70159° 4= 0.00006 s, d32000 = 33° &' 52.5501” & 0.7 mas
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Figure 5.5: Offset between the recovered PRS coordinates and the nominal ones as a function of the
number of antennas included in the observation. The shaded grey region represents the 1o distribution
of the offset, computed over the different realizations for each value of Nyus. We note that the offset
increases with decreasing number of antennas.

5.4 Impact of calibration errors on VLBI localisations

We used our observations of R1 as a testbed to quantify the localisation accuracy. We first
considered the PRS case. Calibration errors will affect the PRS astrometry: in particular we
explored the impact that a smaller number of antennas will have on calibration and imaging.
The number N of antennas in an array determines the number N(N — 1)/2 of visibilities,
that scales as ~ N2. As calibration attempts to solve for N antenna-based gains using an
overdetermined system of N(N — 1)/2, the larger the number of antennas and the larger the
number of measurements per unknown and therefore, the more accurate the fit ought to be.
Conversely, the smaller the number of antennas and the less accurate the solutions are expected
to be, with the somewhat limiting case of N = 3 antennas that leads to three visibilities.

A small number of antennas is expected to impact astrometry due to imaging limitations. It
leads to a poorer uv coverage and, therefore, to a point spread function that has higher sidelobes
and, generally, a less defined main lobe. Although earth-rotation synthesis may compensate
this effect as, after all, PRS observations do not need to reveal complex source morphology, a
limited uv may remain an issue in FRB observations that are, essentially, instantaneous.

In order to simulate the impact of calibration errors, we developed JOANNE, a custom pipeline
that allows to corrupt visibilities and inject FRB-like sources in interferometric observations.
The pipeline is described in details in the Appendix of this Chapter. We used JOANNE to repeat
the calibration and imaging procedures described in Section 5.3 for Nggrp = 5 cases, where we
removed one antenna from the array for each case. In each run of the pipeline, a subset of Nepm
antennas was randomly selected and removed before restarting the entire calibration process.
Furthermore, for a given number N, of removed antennas, we repeated the procedure multiple
times, each time selecting a different set of antennas.

For each simulated case we fitted a two dimensional Gaussian to the PRS and computed
the difference (offset) Aprg between the best fit coordinates and the position determined by
Marcote et al. (2017), appr = 52 31™ 585.70159 and Sy = 33° 8 52”.5501:

Aprs = v/ (aprs — oaii7)? + (Oprs — 6wr)?. (5.13)

The magnitude of the offsets increases as more antennas are discarded from the array (Figure
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5.5), following the qualitative expectations. It ranges from less than 1 mas for the case when all
the 13 antennas are used, up to almost 6 mas when only 8 antennas are used. However, even in
the most pessimistic case (i.e. for N, = 8), the best fit coordinates are consistent with the
nominal values within the uncertainties, indicating that fewer antennas have a negligible impact
on the calibration and imaging of the PRS.

5.4.1 The FRB case

We then explore how calibration errors may impact the obesrvation of an actual FRB. As we
do not have actual burst detections in our observations, we need to simulate how an FRB source
would be seen in our observations. In the PRECISE project, FRB interferometric observations
are carried out using “gated” visibilities: bursts are usually searched in single-dish observations
using the most sensitive antenna and visibilities are correlated only for the duration of the
detected event (“gated”). This procedure prevents from correlating a large number of visibilities
that would ultimately contain no signal and allows for a much better time resolution than what
is normally achieved in standard interferometric observations (see, e.g., Nimmo et al., 2022a).
As the FRB DM is already known, the gated visibilities are also directly de-dispersed at the
nominal DM value. This scenario simplifies greatly our FRB simulations:

e we can neglect the actual duration of a simulated burst and assume that it lasts as long
as the integration time used in the PRS observation, i.e. 2 s. A 2 s-long observation
generates an instantaneous uv coverage that is essentially identical to what one would
obtain from a few ms observation of an actual “gated” burst;

e we do not need to simulate a dispersed FRB but we can essentially treat it as a standard
continuum source.

In practice, the aforementioned assumptions allowed us to split a 2 s-long observation from
the PRS data set and inject the visibilities corresponding to a continuum point source in it,
assuming it is, effectively, an FRB (see the Appendix to this Chapter for further details). The
burst was always injected at the nominal pointing direction. Actual observations of repeating
FRBs, may detect tens of events with different fluences and with random times of arrival (e.g.
Hewitt et al., 2024). We simulated a number of cases that span S/N = 15 and 20, respectively,
and a number of bursts ranging from 5 to 50, with times of arrival randomly distributed across
the duration of the PRS observations. From an operational standpoint, we randomly selected
N, 2 s-long visibilities from our calibrated observations and added the visibilities corresponding
to a point-like source with S/N = 15. The range of burst numbers is consistent with literature
observations (e.g. Nimmo et al., 2022a; Hewitt et al., 2024). Following Marcote et al. (2017);
Kirsten et al. (2022a); Nimmo et al. (2022a); Hewitt et al. (2024) the N snapshot observations
were imaged jointly in order to improve the uv coverage and, therefore, the burst detectability.

In order to assess the impact of calibration errors on the burst astrometry, we follow a
different procedure than the previous section. If we call v; the best-fit phase of antenna i
obtained from calibration (see equation 5.10 and 5.11), we perturbed it by adding a ¢; term:

~

Yio = Vi + €. (5.14)

We drew ¢; from a uniform distribution in the range [0, €4 max), With €y max = 10°,20°,30°,40° and
50° respectively. In order to quantify the impact that phase errors have on the FRB localisation,
we used the same metric defined in equation 5.13, now considering the FRB coordinates and
relative shift Aprg. We found that, in general, the magnitude of the offset from the nominal
FRB position increases with €, max, as expected (Figure 5.6). We found that a larger number
of simulated bursts helps reducing the localization error mostly when €, max] < 20°, whereas
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Figure 5.6: Positional offset of a simulated FRB as a function of maximum phase error (see text for
details). Thick lines represent the mean offset values, whereas the coloured areas represent the 68%
uncertainty confidence region. Where not specified, the individual bursts have S/N = 15.

it does not help much when the corruptions are large. The average magnitude of the offset
remains smaller than 3 mas regardless of simulated the number of bursts and the magnitude of
the phase corruption. Considering that phase errors in actual observations are expected to be
smaller than 20°, our results indicate that localizations presented in literature observations are
likely not significantly affected by calibration errors.

5.5 Conclusions

In this chapter, we have evaluated the impact of systematic errors on the localisation accuracy
of FRBs in high angular resolution observations.

We used EVN observations of the R1 FRB taken as part as the PRECISE project. No burst
was present in our observations, and we generated a continuum image integrated over the 3.6
h of the duration of the observation. We achieved a 15 uJy beam™' rms noise and detected
the PRS associated to the burst with a 180 + 15 uJy flux density - consistent with literature
measurements.

We tested the accuracy of the PRS localization by excluding antennas from the array and
repeating the calibration. We confirm that the localization errors increase with the number of
antennas excluded but they remain, in average, smaller than 2 mas even in the case where only
eight antennas where used. This was already found in Nimmo et al. (2022a).

We then simulated and injected an FRB in the visibility data in order to assess its detectability
and astrometry in presence of calibration errors that we simulated by perturbing the antenna
phases. We used a simple recipe for introducing phase errors, drawing them from a uniform
distribution between 0 and a changing maximum value up to 50°. We found that calibration-
induced errors on the FRB position remain, in average, below 3 mas, consistent with the
localisation uncertainties reported for several FRBs (e.g. Marcote et al., 2017; Kirsten et al.,
2022a; Nimmo et al., 2022a; Hewitt et al., 2024). This implies that calibration errors are unlikely
to compromise the association of FRBs with specific environments, such as globular clusters, in
the case of FRB 20200120E. The magnitude of the errors would allow to associate a FRB to a
globular cluster up to z ~ 0.35.
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Appendix A. joanne: a pipeline for transient simulation into
VLBI visibilities

In this work, I developed a custom pipeline called JOANNE (inJection Of fAst traNsients
iNto visibilitiEs) designed to simulate the injection of FRB-like signals into radio interferometric
visibility data. The primary purpose of this pipeline is to facilitate the study of systematic
errors in VLBI calibration, as discussed in detail in the current Chapter, and their effects on
transients localisation. The pipeline is implemented in Python 3 and can be easily run within
the CASA environment, leveraging CASATOOLS and CASAVLBITOOLS to handle calibration tables
and MS files.

The simulated transients are modeled as ideal point sources with a duration equivalent to the
length of an integration time (7}, = 2 s), slightly simplifying real interferometric observations
where the FRB detection occurs. Typically, a high-sensitivity telescope within the array (e.g.,
Effelsberg) is used to detect the burst, after which the raw data are re-correlated at the burst’s
time of arrival with a short gating window to maximize the burst S/N and to achieve an higher
time resolution (e.g. Nimmo et al., 2022a). Instead, JOANNE simulates the injection of transients
over one integration time.

The main pipeline script begins by reading all the useful information from a configuration
file, managed by the yaml package. The latter contains path settings, specifications for the
transient signals to be injected (e.g. flux densities, characteristic frequencies), paths to files and
parameters for the imaging of output burst visibilities. A configuration file looks like this:

general:
listobs_path: /path/to/listobs/.listobs
file_ToAs: /path/to/timeofarrivals.dat
EXPERIMENT: test
output_path: /path/to/output_path/

calibration:
uvfile: /path/to/uvfits_file/.uvfits
ms: /path/to/msfile/.ms
base_calib: /path/to/calib_folder/
targetFLAG: /path/to/flags/FLAGtarget.flagcmd
bp_cal: J1829+4844
ph_cal: J0529+3209
target: R1_D
sbdtab: ekO051le.sbd
mbdtab: ekOb5le.mbd
bpasstab: ekO5le.bpass
Kselftab: J0529+3209_self .K
pselftab: J0529+3209_self.p
apselftab: J0529+3209_self.ap
antID: EF,TR,WB,NT,08,CM,DA,DU,KN,PI,DE,JM,MC

imaging:
modeIM_single: DIRTY
modeIM_concat: CLEAN
imsize: 1280
box_region: 626,626,654 ,654
rms: 2.e-4
keep_single_ms: False

injection:
nFRBs: 15
fl_ch: 0.01
fl_std: 0.025
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alpha_f1: -2

modeFL: equal

freq: 1.4GHz

BW: 0.256GHz

direction: J2000 05h31m58.700s +33d08m52.568s
cell: 3.6mas

t_start_inj: 2022/09/22/00:00:00

t_stop_inj: 2022/09/22/05:48:39

fld_inj: R1_D

mode_inj: uniform

corruption:
do_corrupt: True
ant_not_used: None
corr_ant: All
corruption: 1.0
corrupt_table: ekO0O51le_All.mbd
corr_mode: manual
corr_min: -20
corr_max: 20
corr_parameter: phase

Listing 5.1: Example of configuration file used in the joanne script

The script reads all the information and sets all the internal variables. Consequently, the
following steps are executed?:

1. Import of the UVFITS file in a CASA MS (IMPORTUVFITS) and application of a mask, if

provided, for RFI flagging (FLAGDATA task).

. MS split in multiple 2 seconds-long chunks (SPLIT task) at the FRB ToAs. The ToAs can

be determined by setting the mode_inj parameter in the configuration file. The user can
read the ToAs from an external file, or can choose to distribute them following a uniform
distribution given two limiting timetables. While the selection of only the target’s scans
for the FRB injections is done automatically choosing a uniform distribution, this has to
be accurately done by the user following the format of timetable variables present in the
configuration file. Nonetheless, the "from file" mode can be exploited to generate FRBs
at the same time between different runs.

. Calibration of the split MSs* (APPLYCAL task) and possibly cleaning of calibrated target

visibilities (RFLAG mode of FLAGDATA task). The calibration tables needed by the
APPLYCAL task have to be provided by the user.

. Injection of a fake point source into each split MS. The injected source is modelled as

an ideal Dirac’s delta in the image plane. The user, via the configuration file, can set
all the injection parameters such as, e.g., the source flux density, its coordinates in the
final image and so on. Moreover, the user can opt to inject a Nj,; number of fake point
sources, and can choose the flux density distribution. The latter can be chosen such
that the fake FRBs will have same flux density (equals to the £1_ch parameters in the
configuration file), distributed randomly around f1_ch with a £1_std standard deviation
or distributed following a power-law, with minimum flux density set by £1_ch and a given

3The script permits easy access to single steps rather than executing the entire pipeline each time. This
can be achieved simply by setting the internal mysteps variable, directly from the CASA command line. E.g.
mysteps = 2,4 will execute only the second and the fourth steps.

4We prefer to apply calibration tables to split MSs instead of applying them to the whole MS to reduce the
computational time of the pipeline.
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power-law index alpha_f1. Each modelled point source in the image plane is then Fourier
transformed and inserted into the MODEL visibilities column of each splitted MS, and
finally added to the CORRECTED visibility column using the UVSUB task.

5. Split MS files concatenation (CONCAT task).

6. Imaging of the concatenated MS file (TCLEAN task) and fitting of the injected point source
in the image plane (IMFIT task). Here the imaging parameters can be set in the "imaging"
part of the configuration file. In particular, the user can choose to image single bursts
and / or the concatenated visibilities, can set the final image size along with the edges
coordinates of the box region in which the point sources are injected. This is useful for the
determination of the source flux density and for the Gaussian fitting to the point source.

Perturbation of calibration solutions. The pipeline allows for the introduction of perturba-
tions in the fringe-fitting calibration solutions®, to investigate the impact of systematic errors on
FRB localisation accuracy, injecting an error in calibration parameters to simulate an imperfect
calibration process (see Section 5.4.1 for details).

The perturbation is managed by the function corruptVIS within the pipeline, which operates
by modifying the antenna-based calibration tables. The user can choose which antennas are
affected and control the amplitude of phase offsets to be applied. The perturbation can
be applied in several modes, such as manually specified offsets, or randomly drawn values
within a predefined range. Through the corr_parameter argument, it is possible to select
which calibration parameter has to be perturbed (i.e. phase, delay group or delay rate). The
corruptVIS function supports two modes for applying the perturbations, i.e. the "manual"
mode, in which the user manually specifies the perturbation factor, corrFACT, applied uniformly
across the selected antennas, and the "external" mode, where the perturbation is applied using
an array of external values, allowing for greater control over individual antenna perturbations.
In particular, for the latter mode, the perturbation of a given antenna is drawn from a uniform
distribution having range [corr_min, corr_max|, and it is time-invariant, i.e. constant over the
observation scan numbers.

The resulting perturbed calibration solutions are then stored in a new calibration table,
which is subsequently applied to the data using CASA APPLYCAL task. Note that, at this stage,
the data at which the perturbed calibration table is applied are pre-calibrated, so that the new
APPLYCAL acts as a perturbation.

After the download of the JOANNE pipeline from the GitHub page® , and after the setting of
the configuration file, one can run JOANNE by following few simple steps:
cd /path/to/joanne/
casa # Start the CASA environment

mysteps=[0,1,2,3,4,5]
execfile ("go_joanne.py")

SWhile this implementation currently focuses on perturbing calibration tables derived from fringe-fitting
solutions, future developments will explore the perturbation of other calibration types, such as bandpass and
amplitude solutions, to further expand the scope of systematic error simulations.

Shttps://github.com/davidepelliciari/joanne
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Chapter 6

Conclusions

Since the discovery of the first FRB in 2007, observational efforts have grown significantly,
with an increasing number of telescopes worldwide contributing to their study. The discovery of
repeating FRBs has been particularly significant, allowing for a more detailed characterization
of their emission properties. Long-term, multiwavelength observations are crucial to unveil the
properties of repeating FRBs and expand the known sample.

Notably, the only currently observed difference between one-off FRBs and repeaters concerns
their spectro-temporal properties: on average, repeaters exhibit bursts with narrower bandwidths
and longer durations (Pleunis et al., 2021b). However, we still lack a complete characterisation
of the FRB spectra, mainly because FRB emission - especially in repeaters - tends to be confined
within a narrow frequency range.

In addition to the long-term monitoring of repeaters, interferometric observations enabled
the association of FRBs with their host galaxies. This has not only confirmed their extragalactic
origin— with the most distant FRB localised to a galaxy at redshift z ~ 1 (Ryder et al., 2023) —
but also allowed the properties of their host galaxies and, in a few cases, the local environment
within them. While most of the localised FRBs are found in spiral galaxies, there is no clear
correlation with SFRs, and some have even been localised in early-type galaxies (e.g. Connor
et al., 2023). The hyperactive repeating FRB 20200120E represents a striking as it was associated
to a GC within the nearby galaxy M81 (Kirsten et al., 2022a). This discovery has challenged
the traditional formation models, as a core-collapse-formed magnetar like SGR, J1935+2154 is
unlikely to be associated with an old stellar system such as a GC. However, under the magnetar
hypothesis, alternative and exotic processes, such as AIC or MIC, could lead to the formation
of FRB-emttings magnetars in GCs. Among interferometric observations, VLBI has provided
the most precise associations, including PRSs (e.g. Marcote et al., 2017). Little is known about
the physical properties of PRSs, as only three have been identified at the time of writing this
thesis, but ensuring ever more precise localisations will be fundamental in order to extract as
much information as possible regarding the origin of FRBs and their link to PRSs.

This thesis explored the FRB phenomenon via low-frequency radio observations, multiwave-
length campaigns, and precision localisation techniques. I presented an extensive NC monitoring
campaign to investigate the connection between FRBs and magnetars. The study, discussed in
Chapter 3, targeted seven nearby star-forming galaxies, aiming to detect FRBs with energies
E > 103 erg, i.e. the radio burst observed from the Galactic CCSN magnetar SGR J1935-+2154.
The advantage of observing star-forming galaxies lies in the fact that a greater number of
magnetars can be observed simultaneously within them. We collected ~ 700 hours at 408 MHz
on our targets, obtaining no detections from these sources. This upper limit constrained the
magnetar burst rate Apag to be A < 0.4 magnetar~" yr~!. By combining our results with the
ones presented in previous observations (CHIME/FRB Collaboration et al., 2020), we obtained
A < 0.25 magnetar—! yr=!. This suggests that, while CCSN magnetars are a likely progenitor
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for some FRBs, they may not be the most common progenitor, supporting the idea that other
sources, such as much younger and powerful magnetars may be required to explain the higher
repetition rates observed in active FRB sources (Margalit et al., 2020b). Aside, we also provided
the first FRB constraints from a sample of ULXs, since some of the galaxies of our sample host
confirmed ULXs. As done for the magnetar FRB channel, we computed upper limits for the
FRB rate coming from ULXs, obtaining A\, < 13 yr~! per ULX.

In Chapter 4 I presented the results of a detailed study of the hyperactive repeater FRB
20220912A using a combination of radio and high-energy observations. Regarding the radio
monitoring, we conducted 408 MHz observations with the NC and simultaneous 1.4 GHz
observations with the Mc radio telescope. In total, 16 bursts have been detected from the source
with a 95% completeness fluence of ~ 17 Jy ms at 408 MHz. No burst was detected at 1.4
GHz over 177 hours, placing an upper limit on the burst rate of 0.017 hr=! at 95% confidence,
approximately four orders of magnitude lower than the activity reported during a burst storm
event at similar spectral energies and radio frequency range (Zhang et al., 2023a; Feng et al.,
2023; Hewitt et al., 2023; Sheikh et al., 2023). These led to a first characterisation of the
broadband spectrum (between 0.4 and 1.4 GHz) of the source, placing an upper limit of 5 < 2.6
on its spectral index.

We mesured the cumulative burst rate as a function of the spectral energy, finding that the
latter can be well-fitted by a single power-law function R(> E,) o< ESZ, with ap = —1.3 +£0.2
at 408 MHz. Moreover, we compared the cumulative burst rate distribution of FRB 20220912A
with another hyperactive source, FRB 20201124A, finding similarities in both their spectral
energy and rate ranges. These similarities suggest that the two sources, and possibly hyperactive
repeaters in general, could share the same emission mechanism shaping their energy distributions.

Notably, we observed that the slope of the cumulative spectral energy rate distribution of
FRB 20220912A flattens for bursts at £, > 103! erg Hz~!, where the spectral index changes
from ap = —2.15 £ 0.01 to ag = —1.0 £ 0.3. This flattening has been reported for other two
hyperactive repeaters, R1 (Hewitt et al., 2022; Jahns et al., 2023) and FRB 20201124A (Kirsten
et al., 2024), and can potentially represents a link between one-off sources and repeaters, given
that the cumulative energy distribution of one-off bursts has a characteristic slope of a >~ —1
(James et al., 2022b). Additionally, we performed three-hour continuum radio observations of
the FRB 20220912A field at 1050-1450 MHz with the uGMRT, detecting a continuum point-like
source with a flux density of 240 + 40 pJy, spatially coincident with the FRB localisation
obtained via VLBI observations (Hewitt et al., 2024). Given that, in the latter, a PRS was not
found for a flux limit of 48 uJy, we ascribed the origin of our detected source to star-formation
processes. Finally, we reported no detections from the high-energy monitoring. At y-ray energies,
we established an UL on the radio efficiency n = E./Fragi0 < 1.5 x 10° for the fifth detected
burst by the NC.

Chapter 5 is focused on the high-precision localisation of FRBs using VLBI observations.
The goal was to assess the impact of systematic calibration errors on the ability to accurately
pinpoint FRB sources via observations conducted with the EVN. The level of accuracy reached
with such observations is crucial for associating FRBs with specific astrophysical environments,
such as star-forming regions or PRSs, and for understanding the local conditions that may
influence their emission. I calibrated EVN observations from the repeating FRB 20121102A,
which is also co-located with a PRS. I managed to detect the PRS and measure its flux density
to be 180 4 15 uJy, consistently with previous literature measurements.

We tested the accuracy of the PRS localization by excluding antennas from the array and
repeating the calibration. We found that the localization errors increase with the number of
antennas excluded but they remain, in average, smaller than 2 mas even in the case where only
eight antennas where used. We also assessed the impact of calibration errors in FRB astrometryr
by simulatinb and injecting an FRB in the visibility data. Calibration errors were simulated by
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perturbing the antenna phases. We used a simple recipe for introducing phase errors, drawing
them from a uniform distribution between 0 and a changing maximum value up to 50°. We
found that calibration-induced errors on the FRB position remain, in average, below 3 mas,
consistent with the localisation uncertainties reported for several FRBs (e.g. Marcote et al., 2017,
Kirsten et al., 2022a; Nimmo et al., 2022a; Hewitt et al., 2024). This implies that calibration
errors are unlikely to compromise the association of FRBs with specific environments, such as
globular clusters, in the case of FRB 20200120E.

6.1 Future prospects

In the context of the projects developed during this thesis, several possible advancements can
be foreseen. Regarding the study of the FRB-magnetar connection, we are already conducting a
monitoring project with the NC radio telescope on a sample of eight Galactic magnetars. These
observations are performed using a receiving system of 16 cylinders, offering twice the sensitivity
compared to the setup used in Chapter 3. Expanding the monitoring outlined in Chapter 3
could be beneficial by either increasing the sample of galaxies under observation or focusing on
a different demographic study, such as observing more massive star-forming galaxies (see, e.g.,
Sharma et al., 2024) or conducting observations of galaxy clusters, from which an increase in
FRB burst rate is expected (Agarwal et al., 2019), or galaxy hosting a large number of globular
clusters.

Also projects focused on the multi-wavelength monitoring of highly active repeating FRBs
will also benefit from the capabilities of the NC. Its ability to provide continuous low-frequency
monitoring makes it ideal for following up on new repeaters announced by, e.g. CHIME or
FAST. For instance, other than FRB 20220912A, our low-frequency follow-up of the hyper-active
repeater FRB 20240114A (see the Appendix of Chapter 4) has revealed crucial details about
the time evolution of its high-frequency emission. This type of chromatic behaviour could be a
common feature among repeaters, warranting further study through extended multi-frequency
monitoring. Regarding the latter, we have recently detected FRB with the Noto radio telescope,
similarly to what has been done for the Mc radio telescope. With the Noto radio telescope, it
will be possible, then, to conduct simultaneous observations at four separate frequency bands,
exploiting the sinergy between all the Italian radio facilities, i.e. NC, Mc, Noto and Sardinia
radio telescopes.

Finally, we recently started an observational campaign with the uGMRT at 1.4 GHz to
search for PRSs associated to 19 well localised FRBs, approximately half of which are repeaters
and half one-off events. These observations will represent a systematic attempt to characterize
the radio properties of a sample of PRSs.
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