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Fast Radio Bursts (FRBs) are transient sources that emit a single radio pulse with a duration of
only a few milliseconds. Since the discovery of the first FRB in 2007, tens of similar events
have been detected. However, their physical origin remains unclear, and a number of scenarios
even larger than the number of known FRBs has been proposed during these years. The detection
of multiple bursts in FRB 121102 excluded all cataclysmic scenarios, at least for this particular
FRB. The presence of these repeating bursts allowed us to perform a precise localization of the
source with the Karl G. Jansky Very Large Array (VLA) and the European VLBI Network (EVN).
Optical observations with Keck, Gemini and HST unveiled the host to be a low-metallicity star-
forming dwarf galaxy located at a redshift of 0.193. The EVN results showed that the bursts are
co-located (within a projected separation of < 40 pc) to a compact and persistent radio source with
a size of < 0.7 pc and located within a star-forming region. This environment resembles the ones
where superluminous supernovae or long-duration gamma-ray bursts are produced. Although the
nature of this persistent source and the origin of the bursts remain unknown, the scenarios consid-
ering a neutron star/magnetar energizing a young superluminous supernova, or a system with a
pulsar/magnetar in the vicinity of a massive black hole are the most plausible ones to date. More
recent observations have shown that the bursts from FRB 121102 are almost 100% linearly po-
larized at an unexpectedly high and variable Faraday rotation measure, that has been observed to
date only in vicinities of massive/supermassive black holes. The bursts are thus likely produced
from a neutron star in such environment, although the system can still be explained by a young
neutron star embedded in a highly magnetized pulsar wind nebula or supernova remnant. New
FRB localizations would unveil if this source is representative of the whole population or a par-
ticular case. Upcoming interferometric searches are expected to report tens of these localizations
in the coming years, dramatically boosting the field of FRBs.
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1. Introduction

Fast Radio Bursts (FRBs) are extragalactic transient sources of unknown physical origin [1 —
3]. These events exhibit millisecond-duration radio flashes that are highly dispersed, with disper-
sion measures (DMs) consistent with extragalactic origins. The first FRB was discovered in 2007
after a re-analysis of data from the Parkes Radio Telescope Galactic pulsar survey. A single signal
with a peak brightness of ~ 30 Jy lasting ~ 5 ms was detected, and the inferred DM suggested
a distance to the source of the order of 1 Gpc [1]. This value for the distance would imply an
extremely luminous event that could not be understood by any known system.

The field did not boost until more of such events were clearly found [2]. Nowadays, tens of
FRBs have been reported from several single-dish telescopes [3, 4]. However, the origin of FRBs
remains unknown, although a large number of possible scenarios has been proposed so far (see e.g.
[5=7]).

Although the estimated burst energies are comparable to the spin-down energy of known pul-
sars such as the Crab, the observed burst luminosities are ~ 10'%-15 times larger than the typical
ones of individual pulses from pulsars. Candidate classes of objects that liberate this much (and
even much higher) total energies are gamma-ray bursts (GRBs) and supernova (SN) explosions.
However, in these cases the derived rate of events (10> sky*1 d~1) [8, 9] does not match the ones
in GRBs or SNe. In addition, multiwavelength searches have not revealed robust afterglow de-
tections to date (although candidate events have been reported [10, 11], these were not confirmed
[12]).

The interest on FRBs not only resides on their intriguing nature, but on their direct and indirect
implications on several astrophysical fields. If FRBs are detected in great numbers at cosmological
distances, they could shed light on the distribution of baryonic matter in the Universe, and the
nature of dark energy [13].

1.1 Fast transients with the European VLBI Network (EVN)

Very long baseline interferometry (VLBI) observations are ideal to precisely localize transient
sources on milliarcsecond (mas) scales and to determine their morphological and temporal evolu-
tion. The accurate astrometry obtained from these observations is critical for extragalactic sources,
where associations require the identification (and distinction) of local sources within the host galax-
ies. Simultaneously, the reached (mas) resolution allows the study of morphological changes in the
transient events (e.g. the evolution of afterglows) on timescales as short as weeks or years.

The European VLBI Network (EVN)! is a network of antennas spread mainly within Eu-
rope, Asia, and Africa. The available baselines (up to 10000 km) and the observing frequencies
(primarily between 1.4 and 22 GHz) imply a resolution of the order of mas. The data, recorded
locally at each station, are sent to The Joint Institute for VLBI ERIC (JIVE) in The Netherlands for
correlation with the EVN Software Correlator (SFXC) [14].

One of the operating modes of the EVN is the real-time correlation (e-EVN), where data are
directly sent in real-time and electronically to JIVE. Runs of 24 h are conducted on average once
per month. This sampling makes the e-EVN an ideal tool for monitoring programs and transient

I'See the EVN website: http://www.evlbi.org.
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studies. Highlights of synchrotron transients science, and a brief description of the years of work
put into detecting and localizing fast transients with the e-EVN are described by [15].

2. The only known repeating FRB

The Arecibo Telescope discovered its first FRB in 2012, FRB 121102 [16]. Multiple bursts
were soon discovered, making this source the first and only repeating FRB known so far? [18, 19].
The measured DM of ~ 560 pc cm™— implied a column density around a factor of three larger
than the expected one from the contribution of our Galaxy in that direction (which is close to the
Galactic anticenter). This made the source of a likely extragalactic origin.

Despite multiple bursts have been detected, no periodicities have been found so far. However,
there are active periods when a higher number of bursts is observed. Most of the bursts have been
seen at ~ 1.4 GHz, but there have been detections at 4-8 GHz as well [20, 21]. The bursts are
typically narrow-band, with characteristic widths of ~ 500 MHz [22]. Complex time/frequency
structures and the existence of sub-bursts as narrow as ~ 30 ps have also been revealed [23]. It
remains unclear if these structures are intrinsic [23], or they appear due to propagation effects in
the local medium [24].

Although similar structures have been reported in other FRBs, no repetitions have been ob-
served in any other FRB to date (2018), even after exhaustive searches [25]. This fact has raised
questions about FRB 121102 being representative or not of the whole population of FRBs [26].

3. The precise localization of FRB 121102

The existence of multiple bursts in FRB 121102 allowed the scheduling of interferometric
observations on a FRB for the first time. The Arecibo detections provided an a-priori localization
with an uncertainty of a few arcminutes, enough to fit within the primary beam of typical dishes.

Two teams initiated interferometric observations of FRB 121102 independently: an US-based
team with the Karl G. Jansky Very Large Array (VLA), starting in November 2015, and a European
collaboration using the EVN (including the Arecibo Telescope), in February 2016. Five epochs of
e-EVN observations during the spring showed no bursts. In the summer of that year, high activity
was reported from Arecibo single-dish observations. The subsequent VLA (and later EVN) follow-
up observations resulted in the detection of several bursts, and their association at the sub-arcsecond
accuracy level with a faint (180-wJy at 3 GHz) persistent radio source that was compact even on
EVN scales [27] (see Figure 1). These bursts appeared ~ 10*> times brighter than the persistent
emission. There was only low-level (~ 10%) variability observed in the persistent radio source
and it did not correlate with the bursts, therefore there was no sign of relativistic outflows. The
spectrum of this source also remains stable along the time, with a relatively flat emission between
1 and 10 GHz and a cutoff of unclear origin at higher frequencies [27].

We detected bursts from FRB 121102 in one observation with the EVN in September 2016.
Four bursts were detected, with one of them around ten times brighter than the other ones (~ 4 Jy
to be compared to ~ 0.2-0.5 Jy). These data allowed us to study both the persistent source and the
burst location on milliarcsecond scales [28].

2 A second repeater has just been discovered by CHIME [17].
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Figure 1: Radio and optical images of the field around FRB 121102. The main figure shows the field as seen
by the VLA at 3 GHz, with a resolution of 2 arcsec and a rms noise level of 2 pJy beam~!. The white square
is centered at the position where the bursts are located, and the white circles represent previous Arecibo
burst detections and their uncertainty regions. The secondary figure represents a zoom on the white square
showing the optical image as seen by Gemini at » band. The two lines point to the position of FRB 121102.
Persistent radio and optical counterparts are detected coincident with such position. See [27].

Whereas the bursts were detected in a 1.7-GHz observation, the persistent source was imaged
in both 1.7 and 5.0-GHz observations. The data at the highest frequency allowed us to put strong
constraints on the source size (< 0.7 pc). Simultaneously, we provided accurate localizations for
the four detected bursts. Whereas the strongest burst produced the most accurate measurement, we
determined a weighted average position from all of them. This average position is coincident with
the persistent source within a projected separation of < 40 pc at 95% confidence level [28] (see
Figure 2). The obtained separation constraint suggests a direct physical connection between the
bursts and the persistent source. The robustness of the burst astrometry was tested by a detailed
analysis of single-pulse imaging from data of the known pulsar BO525+21, which was observed
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Figure 2: Radio images of the field around FRB 121102 as seen by the EVN at 1.7 GHz with a resolution
of 21 x 2 mas? (represented by the white contours, that start at the 2-c noise level of 10 pJy beam™! and
increase by factors of 2!/2), and at 5.0 GHz with a resolution of 4 x 1 mas® and a rms of 14 uJy beam™!
(represented by the colorscale). The synthesized beams at each frequency are represented by the gray ellipses
at the right and left bottom corners, respectively. The crosses represent the positions of the single bursts
and their lengths represent the 1-o statistical uncertainty in each direction. The red crosses represent the
strongest burst detected by the EVN, which is expected to exhibit the most accurate astrometry, and the gray
ones represent the other three bursts detected during the same observation. The black cross represents the
weighted average position of the bursts, used for further discussions. See [28].

within these EVN observations [28].

The data recorded by Arecibo during the EVN observations also allowed us to study the
narrow-band frequency structure of the bursts. A fine-scale frequency structure of ~ 58 kHz was
measured, with is consistent with Galactic scintillation when the light enters the Galaxy [23].

Optical observations with the Gemini [30] and HST [29] were conducted to unveil the host of

FRB 121102. These data unveiled a low-metallicity dwarf (< 10 kpc in diameter) galaxy located
at a redshift of ~ 0.193 (luminosity distance of 972 Mpc). The bursts, and the associated radio
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Figure 3: Optical image of the field around FRB 121102 as seen by the HST/WFC3 at J band. FRB 121102
(represented by a yellow cross) is coincident with a star-forming region (highlighted by the red circle) that
dominates the optical emission of the host, dwarf, galaxy. The purple ellipse highlights the mean extension
of the galaxy. The strong object at the right bottom is a field star. Adapted from [29].

persistent source, were located inside a star-forming region with a radius of 1.2 kpc that dominates
the optical emission of the whole galaxy (see Figure 3). The properties of this galaxy resemble
the ones where hydrogen-poor superluminous supernovae (SLSN) and long-duration gamma-ray
bursts (LGRBs) are typically located. This suggests a possible connection between FRBs and these
sources.

At other wavelengths, deep optical [31, 32], X-ray and GeV gamma-ray [33], and TeV gamma-
ray [32] burst searches have been conducted, with null results so far. It thus remains unclear if FRBs
exhibit pulsed emission outside the radio wavelengths.
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Detailed observations of the bursts from FRB 121102 at 5 GHz revealed the presence of an
unexpectedly high Faraday rotation measure (RM) of ~ 1.4 x 10° rad m~2, and a 100% linear
polarization in the bursts [34]. Such large RM values have only been reported so far in the vicinity
of Sagittarius A*, i.e. in the surroundings of massive black holes.

4. Scenarios explaining FRB 121102

Any model expected to explain FRB 121102 needs to account for the existence of bursts and
the presence of the compact and persistent radio source. Most probable scenarios assume a young
(few decades old) and energetic magnetar (or highly magnetized neutron star) origin [35, 36]. These
scenarios would naturally explain the observed bursts, which could likely be originated by coherent
curvature radiation [37].

The persistent source would then be explained by the presence of a superluminous supernova
(SLSN) [38 —41]. Although this would explain the co-localization of the bursts within the persistent
source, and matches the environment where FRB 121102 is located (low-metallicity star-forming
dwarf galaxy), the properties of the persistent source still challenge this explanation (such as its
luminosity or lack of long-term variability).

Other scenarios consider the presence of a young magnetar which is interacting with the jet or
surroundings of a massive black hole [42, 36, 43, 44]. These scenarios would naturally explain the
existence of bursts (from the magnetar), the properties of the persistent source, and the high RM.
Some theoretical models considering that bursts are originated due to strong plasma turbulence
within the jet of a massive black hole [45] or as synchrotron masers [37] have also been proposed,
but these ones present a reduced observational support. In addition, there are a large number of
speculative scenarios [7].

5. Conclusions and future prospects

The FRB field has progressed a lot in the past few years. Several tens of these objects have
been found, but the existence of only one repeater® and only one precise localization hampers our
understanding of these sources. It remains unclear if repeating and non-repeating FRBs belong to
two different types of systems, or if the repetition of bursts is only subject to particular conditions
in similar systems.

The available data do not support the presence of afterglows after the creation of bursts, having
strong implications on future FRB searches. New FRB localizations, which are fundamental to
unveil the nature of these objects, would require interferometric observations at the arrival burst
times. Only detections of bursts during high resolution (interferometric) observations would allow
us to associate the bursts to persistent sources, as opposed to other fields such as gravitational wave
events (where the presence of afterglows allows us to locate the event from later observations).

The precise localization of FRB 121102 has led to the first detailed studies of a FRB. We have
unveiled the environment of this source to exhibit extreme conditions and to be associated with a
persistent and compact radio source embedded in a low-metallicity star-forming region of a dwarf

3 A second repeater has just been discovered by CHIME, with no clear counterparts found yet [17].
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galaxy. Genuine localizations of more FRBs are mandatory to unveil their hosts and trace their
properties that are common to the whole population.

Upcoming facilities such as WSRT/Apertif, ASKAP, CHIME, or UTMOST have dedicated
searches for new FRBs. These searches will lead to new associations that will allow us to un-
derstand the uniqueness of FRB 121102 among the whole population. However, we note that the
resolution reached by VLBI observations would be in any case mandatory to study in detail the
local environment to the FRBs in their host galaxies. The same methodology we have developed
for the detection and localization of fast transients in general [15], and the repeater FRB 121102 in
particular [28], could be used for future localizations of repeating FRBs.

Direct VLBI imaging of single pulses is also a (remote) possibility. However, blind com-
mensal searches for FRBs in single dish data obtained during Very Long Baseline Array (VLBA)
experiments have not been successful to date yet [46]. While the EVN has much more sensitive
individual dishes to look for single pulses, these have smaller field of views as well. Therefore it is
not clear how productive single-pulse FRB searches could be with the EVN. From the current FRB
rates we estimate that if the EVN Archive contained full field of view raw data for all experiments
since its existence (~ 1999-2000), we could have identified and localized a few more FRBs at least
from archival EVN observations.
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