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Chapter1
Introduction

Short-duration radio transients are astrophysical sources that emit at radio wavelengths and
whose brightness varies on timescales of less than about 1 second. Neutron stars are known
to be prolific emitters of short-duration radio transients. Rotation-powered radio pulsars
(Hewish et al., 1968; Lorimer & Kramer, 2004) produce beams of radio light near the neu-
tron star’s magnetic poles which, as the star rotates, can sweep past an observer’s line-of-
sight in a periodic manner. Pulsars have been observed to rotate with periods from as slow
as 23.5 seconds (Tan et al., 2018)1 to as fast as 1.39ms (Hessels et al., 2006). Typically the
duration of the pulsed emission is a few percent of the period, up to tens of percent. Some
young pulsars and rapidly spinning millisecond pulsars exhibit sporadic giant pulses (e.g.
Staelin & Reifenstein 1968; Cognard et al. 1996), which in addition to having luminosities
much higher than the average pulse emission, also sometimes have shorter durations (∼ µs),
and have been observed to vary on timescales down to nanoseconds (Hankins et al., 2003).
In addition, some pulsars are visible not through their periodic emission, but through bright,
isolated pulses (McLaughlin et al., 2006). These sources are known as Rotating RAdio Tran-
sients (RRATs).
Neutron stars are exceptionally magnetic objects with typical surface magnetic field
strengths of ∼ 108−12 G. These magnetic field strengths can reach as high as 1015−16 G
for a category of neutron stars called magnetars (Kaspi & Beloborodov, 2017). Magnetars
produce a wide range of magnetically powered emission types from X-ray burst storms, to
short-duration flares spanning the electromagnetic spectrum. To date, 5 of the ∼ 30 known
magnetars have been observed to produce millisecond-duration radio transients (Camilo
et al., 2006, 2007; Levin et al., 2010; Eatough et al., 2013; CHIME/FRB Collaboration et al.,
2020; Bochenek et al., 2020). The radio emission from magnetars shows phenomenological
differences compared to rotation-powered pulsar emission, including comparatively flatter
spectra and bursts that can occur at a wide range of rotational phases (Camilo et al., 2006).

1It is worth noting the recent discovery of a 75.9 s period neutron star, although whether or not the emission process
is the same as pulsars is debated (Caleb et al., 2022a).



2 Introduction

1
All of the known radio pulsars and magnetars reside within the Milky Way (at distances of
a few kpc) and Small and Large Magellanic Clouds (at ∼ 50 kpc; Manchester et al. 2005;
Crawford et al. 2001). This thesis focuses on radio observations of extragalactic fast radio
transients (distances of Mpc–Gpc), which we introduce in §1.1, followed by an overview
of observational results on individual sources in §1.2 and population studies in §1.3. The
nature of these extragalactic fast radio transients is currently unknown, but the observa-
tional similarities with Galactic pulsars and magnetars suggest that extragalactic neutron
stars could be responsible for these extreme transients, as we briefly discuss in §1.4. Not
only does the large energy release in a short time span indicate that this is an extreme astro-
physical process, but the transient signal itself is imprinted with a signature of the ionised
material and magnetic field it interacts with on its journey to Earth. Extragalactic fast radio
transients therefore carry valuable clues about some of the otherwise invisible material in
the Universe as well as cosmic magnetism, as we briefly discuss in §1.5. In §1.6 we describe
the radio telescopes and observing strategies used throughout this thesis to probe fast radio
transients at the highest-possible temporal and spatial resolutions, before summarising the
work presented in this thesis in §1.7.

1.1 Fast radio bursts

The first-discovered fast radio burst (FRB) was found in archival data from a radio pulsar sur-
vey (Lorimer et al., 2007). Since pulsars are known to produce millisecond-duration radio
transients, pulsar survey data have sufficient time and frequency resolution to resolve fast
radio transients, and distinguish them from human-made terrestrial interference. Astrophys-
ical fast radio transients are strongly affected by dispersion: a frequency-dependence on the
group velocity of the electromagnetic waves (Keith et al., 2013). This effect is not observed
in human-made terrestrial signals, and thus provides a useful way to distinguish genuinely
astrophysical signals2. As radio waves propagate through ionised material, e.g. the Milky
Way’s interstellar medium (ISM; Rand 1996; Haffner et al. 2003), the lower frequencies are
delayed with respect to the higher frequencies. The more free electrons that the radio waves
interact with on their journey to Earth, the larger the delay ∆t. The integrated column den-
sity of free electrons on the path from the radio transient source (at luminosity distance dL)
to Earth is defined as the dispersion measure DM,

DM =
∫ dL

0

nedl, (1.1)

and the time delay between the two frequencies ν1 and ν2 can be computed by

∆t = C

(
1

ν
2
1

− 1

ν
2
2

)
DM, (1.2)

2Note, however, that some human-made signals, e.g. air plane altimeters, are relatively broadband and frequency-
swept, which can sometimes cause confusion.
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for dispersion constant C = 1/(2.41 × 10−4) MHz2pc−1cm3s (Manchester & Taylor, 1972)3,
and the DM in units of pc cm−3 (Lorimer & Kramer, 2004).
The quadratic frequency sweep is visible in Figure 1.1, showing the dynamic spectrum (flux
as a function of radio frequency and time) of the first-discovered FRB, which is colloquially
named the “Lorimer burst” (Lorimer et al., 2007).

Figure 2: Frequency evolution and integrated pulse shape ofthe radio burst. The survey data,
collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity
as a function of radio frequency versus time. The dispersionis clearly seen as a quadratic sweep
across the frequency band, with broadening towards lower frequencies. From a measurement of
the pulse delay across the receiver band using standard pulsar timing techniques, we determine
the DM to be375±1 cm−3 pc. The two white lines separated by 15 ms that bound the pulseshow
the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.
By splitting the data into four frequency sub-bands we have measured both the half-power
pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse
broadening due to known instrumental effects, we determinea frequency scaling relationship
for the observed widthW = 4.6 ms (f/1.4 GHz)−4.8±0.4, wheref is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of
−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375
cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans
the range 0–500 ms.

12

Figure 1.1: The dynamic spectrum (flux as a function of radio frequency and time) of the first-discovered FRB,
FRB 010724 (Lorimer et al., 2007). The delay from the arrival of the highest frequencies to the arrival of the lowest
frequencies is due to a propagation effect called dispersion (see §1.1). The inset shows the frequency-averaged burst
profile after shifting the frequency channels to correct for the dispersive delay. Figure from Lorimer et al. (2007).

All known pulsars are located in the Milky Way or in the Small and Large Magellanic Clouds
(Manchester et al., 2005; Crawford et al., 2001), and have been used to map the Galactic
electron distribution (Cordes & Lazio, 2002; Yao et al., 2017). This allows for predictions of
the DM contribution per line-of-sight from the ISM. From the dispersive sweep of the Lorimer
burst (Figure 1.1), the DM was measured to be 375 pc cm−3, approximately 350 pc cm−3

in excess of the Galactic ISM contribution. If we assume a conservative Milky Way halo
DM contribution of 100 pc cm−3 (Prochaska & Zheng, 2019)4, and ∼ 200 pc cm−3 local DM
contribution from the source’s environment and putative host galaxy, then the redshift of
the FRB source can be approximated as

z ≈ DMe

1000 pc cm−3 ∼ 0.05, (1.3)

3This constant is often used by convention in the pulsar/FRB fields, but a formal definition is derived as C = e
2 ×

1pc/(2πmec), for electron charge e, mass me, speed of light c and parsec in SI units pc (Kulkarni, 2020).
4This is “conservative” since it is a relatively high estimate of the halo contribution. It has been argued that

∼40pc cm−3 is more appropriate, on average (Yamasaki & Totani, 2020).
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1
(Ioka, 2003; Inoue, 2004) where DMe is the remaining DM contribution from the ionised
material in the intergalactic medium (IGM; Sciama 1964). This redshift corresponds to a
luminosity distance of dL ∼ 220Mpc (assuming a flat Universe, Λ Cold Dark Matter cosmol-
ogy with Hubble constant H0 = 70 km s−1 Mpc−1, and the fraction of the Universe’s total
energy density that is matter ΩM = 0.3 and dark matter ΩΛ = 0.7; Wright 2006). Using this
inferred distance (dL) with the Lorimer burst’s observed flux density, F = 30 Jy (Lorimer
et al., 2007), the isotropic-equivalent spectral luminosity5 can be estimated:

Liso = 4πF d
2
L ∼ 2 × 1033erg s−1 Hz−1

. (1.4)

This calculation is relatively conservative since we have assumed high DM contributions
from the Milky Way halo and host galaxy, placing the source closer to us than if we were to
assume lower DM contributions. In Lorimer et al. (2007), they place an upper limit on the
luminosity distance to the FRB source of 1Gpc, which would, of course, imply a luminosity
more than an order-of-magnitude higher.
One of the youngest pulsars known is the Crab pulsar, PSR B0531+21 (Staelin & Reifenstein,
1968), so-called since this pulsar resides within and powers the famous Crab nebula. The
average Crab pulsar emission has a flux density of 0.014 Jy, on millisecond timescales, at
an observing frequency of 1.4GHz (Lorimer et al., 1995). If the Lorimer burst were to have
been emitted from the close proximity of the Crab pulsar (∼ 2 kpc; Staelin & Reifenstein
1968), it would have been detected with a flux density of ∼ 3.6 × 1011 ×

(
dL

220 Mpc

)2

Jy, a 13
orders-of-magnitude jump in luminosity compared with Crab pulsar emission on comparable
timescales. Although the FRB duration and measured brightness resemble phenomena seen
from Galactic pulsars (Lorimer & Kramer, 2004), the large inferred distance of the Lorimer
burst implies a burst luminosity ∼13 orders of magnitude brighter than typical pulsar emis-
sion. The short-duration radio transient phase space is shown in Figure 1.2, highlighting the
comparable timescales of FRBs and pulsar emission, and their drastically different luminosi-
ties.
Since the discovery of the Lorimer burst, hundreds of FRBs are now known (e.g. CHIME/FRB
Collaboration et al. 2021)6, but the type(s) of astrophysical objects and physical processes
capable of producing FRB emission remain a mystery. One of the most compelling progenitor
models for the production of FRBs are magnetars since they have a huge amount of available
energy stored in their magnetic field, and are capable of producing fast radio transients. One
magnetar, SGR 1935+2154, has even produced a millisecond-duration radio transient with
luminosity only 1–2 orders of magnitude weaker than the least luminous extragalactic FRBs
(with the exception of FRB 20200120E, which we discuss in this thesis; see § 1.2.4, § 1.2.5,
Figure 1.2; CHIME/FRB Collaboration et al. 2020; Bochenek et al. 2020), showing that at
least a fraction of the observed FRBs are coming from extragalactic magnetars. To probe the
nature of FRBs, one can study the properties of the FRB population as a whole to explore the
possibility of multiple physical origins: similar to the identification of two distinct physical
5While we expect that FRBs are likely beamed, we do not know the value of the beaming angle, and hence assume
isotropic emission for simplicity.

6All known and published FRBs can be found on the Transient Name Server: https://www.wis-tns.org/

https://www.wis-tns.org/
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origins of gamma-ray bursts based on their transient duration and distinct environments
(Gehrels et al., 2009). When I began my PhD in 2018, however, there were only a few dozen
FRBs reported in the literature. Another method for developing our understanding of these
mysterious transients is to study a few sources in detail, to identify important observables
to challenge progenitor theories: this is the main focus of the work presented in this thesis.
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1
1.2 Detailed studies of individual FRBs

1.2.1 The first-discovered repeating FRB: FRB 20121102A

In the early days of the FRB field, there was great debate about the astrophysical origin of
these extreme transients (Burke-Spolaor et al., 2011; Keane et al., 2012). The discovery of
4 more FRBs in 2013 by Thornton et al. (2013) alleviated the concern that FRBs were non-
astrophysical signals. The discovery of a repeating FRB in 2016, FRB 20121102A (Spitler
et al., 2014, 2016), further aided in the support of an astrophysical origin of FRBs. Not only
that, but repetition rules out any progenitor models invoking a catastrophic event, such as
the collapse of a supramassive neutron star (Falcke & Rezzolla, 2014).
Repeating FRBs are particularly valuable as they allow for follow-up observations to: probe
the immediate environments in which FRBs live (e.g., Chatterjee et al. 2017; Tendulkar et al.
2017; Marcote et al. 2017; Bassa et al. 2017), characterise the range of burst properties, such
as energies and burst temporal separations (e.g., Gourdji et al. 2019; Li et al. 2021), and
explore the evolution of burst properties with time and observing frequency (e.g., Michilli
et al. 2018b; Hilmarsson et al. 2021a; Majid et al. 2020).
The repetition of FRB 20121102A allowed for the first precision localisation of an FRB (Chat-
terjee et al., 2017; Tendulkar et al., 2017; Marcote et al., 2017). Using the Very Large Array
(VLA), a radio interferometer located in New Mexico, Chatterjee et al. (2017) created radio
images at the times of 9 FRB 20121102A bursts (one image is shown in Figure 1.3i) from
which an average sky position was measured to 0.1 arcsecond accuracy. This precision was
sufficient to pinpoint the FRB to its host galaxy, and identify a coincident persistent radio
counterpart to the transient source (Figure 1.3ii; Chatterjee et al. 2017; Tendulkar et al.
2017).
Follow-up observations with the European Very Long Baseline Interferometry (VLBI) Net-
work (EVN) improved the localisation precision by an order-of-magnitude (Figure 1.4i; Mar-
cote et al. 2017). The improvement in localisation precision arises due to the much longer
baselines (separation of elements of the array) afforded by VLBI, where the maximum image
resolution achievable is

θ ≈ 1.22
λ

b
[rad], (1.5)

for observing wavelength λ and maximum baseline length b (Condon & Ransom, 2016).
VLBI instruments typically have maximum baselines of thousands of km, while the VLA has
a maximum baseline of 36 km (in A configuration: the highest resolution configuration of
the VLA). The VLBI technique is used extensively throughout this thesis (Chapters 5, 6, 7)
and an introduction to VLBI can be found in §1.6.2.
With VLBI precision, the exact position of the FRB within the host galaxy can be determined
(at a level that surpasses the resolution of even the Hubble Space Telescope), as well as the
relative position of the FRB source and the persistent radio emission (Figure 1.4; Marcote
et al. 2017; Bassa et al. 2017). FRB 20121102A was found to reside close to a star-forming
region inside a dwarf host galaxy (total stellar mass ∼ 4 − 7 × 107 M⊙; Tendulkar et al.
2017) at a redshift of z ∼ 0.19273 ± 0.00008 (Tendulkar et al., 2017; Bassa et al., 2017).
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Figure 1.3: (i): Very Large Array (VLA) snapshot image at 3GHz at the time of a burst from FRB 20121102A. The
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FRB 20121102A, showing the host galaxy. Figures from Chatterjee et al. (2017).

6 Marcote et al.

done, starting with the single-dish PUPPI data), then
the S/N of the detection statistic, i.e. the output of

the correlation, is proportional to ξ. Localization of the
source in an image (whether in the image or in the uv
domain) will tend to have the same scaling if the uv data
are calculated with a tight gate (time window) around

the pulse so that it also scales as w. Using only flu-
ence as a detection statistic is not appropriate because
a high-fluence, very wide burst can still be buried in the

noise, whereas a narrower burst with equivalent fluence
is more easily discriminated from noise. Burst #2 was
roughly an order-of-magnitude brighter than the other
3 bursts, and shows a detection statistic ξ that is also a

factor of > 6 higher than the other bursts. This bright-
est burst is separated by only ∼ 7 mas from the cen-
troid of the persistent source at the same epoch and is

positionally consistent at the ∼ 2-σ level. We thus find
no convincing evidence that there is a significant off-
set between the source of the bursts and the persistent

source. Since Burst #2’s detection statistic, ξ, is signif-
icantly larger than for any of the other three bursts, its
apparent position is least affected by noise in the image
plane, as we explain in the following section, §3.2. As

such, in principle it provides the most accurate position
of all 4 detected bursts, and the strongest constraint on
the maximum offset between bursts and the compact,

persistent radio source.

3.2. Astrometric Accuracy

The astrometric accuracy of full-track (horizon-to-
horizon observations) EVN phase-referencing is usually

limited by systematic errors due to the poorly modeled
troposphere, ionosphere and other factors. These errors
are less than a milliarcsecond in ideal cases (Pradel et al.

2006), but in practice they can be a few milliarcseconds.
Given the short duration of the bursts (a few millisec-
onds), our interferometric EVN data only contain a lim-
ited number of visibilities for each burst, which results

in a limited uv-coverage and thus very strong, nearly
equal-power sidelobes in the image plane (see Figure 3,
bottom panel). In this case we are no longer limited only

by the low-level systematics described above. The errors
in the visibilities, either systematic or due to thermal
noise, may lead to large and non-Gaussian uncertain-

ties in the position, especially for low S/N, because the
response function has many sidelobes. It is not straight-
forward to derive the astrometric errors for data with
just a few-milliseconds integration. Therefore, we con-

ducted the following procedure to verify the validity of
the observed positions and to estimate the errors.

First, we independently estimated the approximate

position of the strongest burst by fringe-fitting the burst
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Figure 1. EVN image of the persistent source at 1.7 GHz
(white contours) together with the localization of the
strongest burst (red cross), the other three observed bursts
(gray crosses), and the position obtained after averaging all
four bursts detected on 2016 Sep 20 (black cross). Contours
start at a 2-σ noise level of 10 µJy and increase by factors of
21/2. Dashed contours represent negative levels. The color
scale shows the image at 5.0 GHz from 2016 Sep 21. The
synthesized beam at 5.0 GHz is represented by the gray el-
lipse at the bottom left of the figure and for 1.7 GHz at the
bottom right. The lengths of the crosses represent the 1-
σ uncertainty in each direction. Crosses for each individual
burst reflect only the statistical errors derived from their S/N
and the beam size. The size of the cross for the mean po-
sition is determined from the spread of the individual burst
locations, weighted by ξ (see text), and is consistent with the
centroid of the persistent source to within < 2σ.

data and using only the residual delays (delay mapping;

Huang et al. 2017, in prep.). With this method we
have obtained an approximate position of αJ2000 =
5h31m58.698s(+0.004

−0.006), δJ2000 = 33◦8′52.586′′(+0.040
−0.044),

where the quoted errors are at the 3-σ level. This
method provides additional confidence that the image-
plane detection of the bursts is genuine, since the posi-
tions obtained with the two methods are consistent at

the 3-σ level.
Next, we carried out an empirical analysis of single-

burst EVN astrometry by imaging 406 pulses recorded

from the pulsar B0525+21, which was used as a test
source in the 2016 Feb 11 session. PSR B0525+21 has
typical pulse widths of roughly 200 ms and peak flux
densities of ∼ 70–900 mJy. This corresponds to a range

of measured detection statistics ξ ∼ 0.5–27 Jy ms1/2,
compared to the range ξ ∼ 0.2–5 Jy ms1/2 measured
for the 4 detected FRB 121102 bursts. Figure 4 shows

(i)

FRB121102 is coincident with a star forming region in its host galaxy 3

Fig. 1.— Subsections (5′′ × 5′′) of the GMOS g′, r′, i′, and z′ images (top row), and of the HST/WFC3 F763M (redshifted Hα), F110W (J) and F160W (H)
images (bottom row). North is to the top and East to the left. The GMOS images have been smoothed with a Gaussian with a width of 0.′′1. We fit the centroid
and half-light radius of both the bright knot and extended diffusing emission using the F110W image. These centroids and half-light radii are denoted by the red
circle and the large blue ellipse, respectively, in each frame. Contours are overlaid on the F110W and F160W images to indicate the extent of the host galaxy.
The white circle denotes the position of the reference star. The lower right panel (2′′ × 2′′) combines the GMOS r′i′z′ position and extent, as determined by
Tendulkar et al. (2017), with those of the knot and host from the F110W. The black cross (white cross in the GMOS and HST/WFC3 images) denotes the location
of FRB121102 and the associated persistent radio source by Marcote et al. (2017) at 5GHz (0.6mas uncertainty, smaller than the symbol).

the host galaxy. The emission from the knot in the F110W and
F160W bands is expected to contain emission lines of [S III]
0.907µm, [S III] 0.953µm, He I 1.083µm, Paδ, Paγ and Paβ
(Martins et al. 2013, see also Fig. 2), explaining its brightness
compared to the diffuse emission.

3.1. Morphology
We determine the position and extent of the star forming

complex (the knot) and the underlying stellar population in
the drizzled F110W image by modelling and jointly fitting
them as two-dimensional Gaussian or Moffat (Moffat 1969)
profiles. We find that the ellipticity of the knot is close to
unity, so we fit it with a circular Moffat function instead. The
knot has a radius of σ = 0.′′24(1), significantly larger than
the radius of the stellar PSF, for which a Moffat fit yields
radii of σ = 0.′′165. The diffuse emission appears irregular in
the near-IR images (Fig. 1). For simplicity, we fit the stellar
population with a Gaussian profile, which yields a semi-major
axis of σa = 0.′′66(3)with b/a = 0.40(2), and a position angle
of 66◦. Transferring the position of the knot and the diffuse
emission to the F160W image and keeping the positions fixed,
we find comparable results for the position and size of the
star forming region. The diffuse emission prefers a larger
semi-major axis of σa = 0.′′85(3) and a smaller ellipticity
b/a = 0.36(2).
We estimate the intrinsic radius of the knot as the quadratic

difference of the observed radius and that of the stellar PSF.
The resulting half-light radius corresponds to a half-width at
half maximum (Gaussian HWHM, 1.1774σ) of 0.′′20(1). At
a redshift of z = 0.193, an angle of 1′′ corresponds to a
projected distance of 3.31 kpc, hence the half-light radius is
0.68(3) kpc. Under the assumption that the diffuse emission
due to the underlying stellar population can be represented by

aGaussian (which, given the irregular nature of dwarf galaxies
may not be valid), the knot is located 0.′′57 (1.9 kpc) from the
nominal centroid of the diffuse emission, which itself has a
half-light diameter (Gaussian FWHM) between 1.′′5 to 2.′′0
(5 to 7 kpc). The higher spatial resolution and greater depth
of the HST observations improve upon the . 4 kpc diameter
we estimated in Tendulkar et al. (2017). The centroid of the
knot, as measured in the drizzled F110W image, is located
at αJ2000 = 05h31m58.s6980(8), δJ2000 = +33◦08′52.′′671(10).
This position is consistent with that determined from the 5σ
detection of the knot in the F763M image, aswell as the F160W
image. The milliarcsecond-precision location of the persistent
radio source at 5GHz with the EVN (Marcote et al. 2017) is
offset from the center of the star forming region by 0.′′055(14)
or 0.18(5) kpc, but located within the nominal half-light radius
of the star forming region. The nearby reference star is located
at αJ2000 = 05h31m58.s6180(8), δJ2000 = +33◦08′49.′′831(1).

3.2. Spectral energy distribution fitting
We use our multi-wavelength photometry to model the

spectral energy distribution (SED) of the host galaxy of
FRB121102 with the CIGALE2 software (Noll et al. 2009;
Serra et al. 2011). We fit an underlying older stellar popu-
lation with a recent burst of star formation. Figure 2 shows
the resulting SED. One of the largest sources of uncertain-
ties is the foreground Galactic extinction. We used both the
Schlegel et al. (1998) and Schlafly & Finkbeiner (2011) fore-
ground extinction values and found no appreciable differences
in our best-fitting SED and derived parameters, and we re-
port results using the Schlegel et al. (1998) Galactic extinction
correction. We find that the host has negligible internal dust

2 Available at http://cigale.lam.fr/.

(ii)

Figure 1.4: (i): EVN image at 5GHz (with 1.7GHz overplotted as white contours). The sythesised beam for 1.7GHz
and 5GHz are shown at the bottom right and left of the figure, respectively. The grey and red crosses represent
individual burst positions from FRB 20121102A (red is the highest S/N burst in the sample), and the black cross
represents the S/N weighted average burst position. There is a systematic uncertainty on the burst positions that is
not represented in the error bars here. This uncertainty is arising due to the strong sidelobes in the individual burst
images, meaning that it is ambiguous which lobe is the correct burst position. Figure from Marcote et al. (2017). (ii):
Hubble Space Telescope image of the dwarf host galaxy of FRB 20121102A. The white cross represents the EVN position
of FRB 20121102A (black cross on sub-figure (i)), which coincides with a star-forming region in the host galaxy (red
circle). The blue contours are used to highlight the extent of the galaxy. Figure from Bassa et al. (2017).
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1
This represents the first direct evidence that FRBs are indeed extragalactic in origin, as sug-
gested by their anomalously high DMs (see §1.1). The FRB position is coincident with the
persistent radio source to within ∼ 40 pc (transverse offset), which was found to be unre-
solved in the EVN image of the FRB 20121102A sky position (Figure 1.4i; Marcote et al.
2017). Similar to the FRB itself, the origin of the compact persistent emission is also un-
known. The size of the persistent radio source is constrained to be less than 0.7 pc (Marcote
et al., 2017), and the observed brightness does not vary by more than ∼ 10% on month-to-
year timescales (Plavin et al., 2022). The lack of variation shows that the persistent radio
source is not a decaying blast wave from, e.g., a supernova or gamma-ray burst, as seen in
the case of FIRST J141918.9+394036 (Law et al. 2017; Chapter 7). There are two leading
hypotheses on the nature of the persistent emission: either a nebula powered by a central
neutron star (although the luminosity is 4–5 orders of magnitude brighter than the Crab
nebula; Chatterjee et al. 2017; Eftekhari et al. 2019), or a low-luminosity accreting massive
black hole (Marcote et al., 2017; Reines et al., 2020).
The transient emission itself also holds valuable clues about the environment of
FRB 20121102A. Generally, bursts from repeating FRBs, including FRB 20121102A, are
highly linearly polarised (e.g., Gajjar et al. 2018, Chapter 2). As these polarised radio waves
(of wavelength λ) propagate through a magnetised plasma, with a magnetic field compo-
nent parallel to the wave propagation (B|| in µG), the angle of linear polarisation is rotated
by (Smith, 1968; Lorimer & Kramer, 2004)

∆ϕ = λ
2RM, (1.6)

with rotation measure, RM, defined as

RM = 0.81

∫ dL

0

neB||dl. (1.7)

Michilli et al. (2018b) measure an extremely large RM of ∼ 105 radm−2 for FRB 20121102A
(Figure 1.5), which is highly variable and has dropped in amplitude by ∼ 15% per year on
average (Hilmarsson et al., 2021a). This, combined with the comparatively low DM varia-
tions (Michilli et al., 2018b; Hessels et al., 2019), indicates that FRB 20121102A lives in an
extreme magneto-ionic local environment (Michilli et al., 2018b). The large and highly vari-
able RM is comparable to that measured for the Galactic centre magnetar, PSR J1745−2900,
with an RM of −67000 radm−2 which dropped in amplitude by ∼ 5% in one year (Eatough
et al., 2013), perhaps indicating that FRB 20121102A is also living in the vicinity of a mas-
sive black hole (Michilli et al., 2018b; Hilmarsson et al., 2021a).
Although at higher frequencies (e.g., 4–8GHz; Gajjar et al. 2018) FRB 20121102A emis-
sion is 100% linearly polarised, the linear polarisation fraction drops to 0% going down
to 1.4GHz (Li et al., 2021; Plavin et al., 2022). This behaviour is seen in other repeating
FRBs, and has been attributed to scattering of the radio waves close to the FRB source, fur-
ther adding complexity to the local environment of FRB 20121102A (Feng et al., 2022).
This effect is most pronounced in FRB 20121102A and FRB 20190520B, colloquially called
FRB 20121102A’s “twin” due to its strikingly similar observational qualities: e.g., dwarf host
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Figure 2 Faraday rotation in the bursts. a and b: variations of the Stokes Q and U
parameters with frequency, normalized by the total linear polarization (L =

√
Q2 + U2),

for the six brightest Arecibo bursts detected on MJD 57747. Different bursts are plotted
using different colours. Only data points with S/N > 5 are plotted, and do not include
uncertainties. A black line represents the best-fit Faraday rotation model for the global
values reported in Table 1. c: difference between model and measured PA values with
1-σ uncertainties around the central values indicated with black dots.

12

Figure 1.5: Faraday rotation in the bursts from FRB 20121102A. Panels (a) and (b) show the spectra of Stokes param-
eters Q and U, respectively, normalised by the linear polarisation (L=

√
Q2 + U2). The oscillation is a signature of

Faraday rotation, which wraps quicker as the frequency decreases (see Equation 1.6). The different colours represent
data points from individual bursts in the Michilli et al. (2018b) burst sample. The black line is the best fit Faraday
rotation model. Panel (c) shows the residual polarisation angle values after subtracting the model. Figure from Michilli
et al. (2018b).

galaxy origin, large RM that is also highly variable, and associated persistent radio counter-
part (Niu et al., 2021; Anna-Thomas et al., 2022). These FRBs sharing comparably extreme
magnetised local environments could indicate that they are both young sources (Feng et al.,
2022).

1.2.2 The periodic repeating FRB: FRB 20180916B

FRB 20121102A is no longer a singular source: there are now > 20 repeating FRBs identi-
fied, with a range of activity behaviour (CHIME/FRB Collaboration et al., 2019a,c; Fonseca
et al., 2020; CHIME/FRB Collaboration et al., 2021; Niu et al., 2021). The majority of FRBs
in the literature were discovered by the Canadian Hydrogen Intensity Mapping Experiment
(CHIME) telescope’s FRB detection system (CHIME/FRB; CHIME/FRB Collaboration et al.
2018). CHIME is a transit radio telescope in British Columbia, Canada, operating at a rela-
tively low radio frequency of 400–800MHz. Some of the CHIME/FRB-discovered repeaters
have produced only 2 bursts over the span of multiple years of observation (CHIME/FRB
Collaboration et al., 2019c; Fonseca et al., 2020), while others have been seen to produce
hundreds to even thousands of bursts in follow-up observations using more sensitive tele-
scopes (e.g., Xu et al. 2021). Interestingly, Li et al. (2021) report more than 1600 bursts
from FRB 20121102A discovered within a few months of observing at 1.4GHz with the
FAST radio telescope in China, while CHIME/FRB has only ever detected FRB 20121102A
once (Josephy et al., 2019). While there is a large sensitivity difference between FAST and
CHIME/FRB, this is likely only partially the reason for the difference in activity rates.
FRB 20180916B is a CHIME/FRB-discovered repeating FRB, whose burst activity has been
observed to vary periodically, on a cycle of 16.35±0.15days with an active window of
∼ 5days (Chime/Frb Collaboration et al., 2020). In Chapters 2 and 6, we report the de-
tection of 4 bursts from FRB 20180916B at 1.4GHz, and reveal the properties of those
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Figure 9. The activity phases of CHIME/FRB (green cir-
cles), uGMRT (orange squares) and LOFAR (purple dia-
monds) bursts folded on the 16.33-day activity period of
FRB 20180916B. Panel (a) shows the activity phase of the
bursts versus observing frequency. For each burst the spec-
tral width is indicated by the error bars. Panel (b) shows the
burst MJDs versus activity phase. The cumulative fraction
of the number of bursts and the exposure are shown against
activity phase in Panel (c), while Panel (d) displays the ex-
posure as a histogram. The color coding is identical in the
three panels. Whereas the CHIME/FRB exposure is almost
uniform with activity phase, the exposure of the LOFAR
observations is focused predominantly on the CHIME/FRB
activity window. As the number of uGMRT observations is
limited, the phase of the bursts is dominated by the phase
of the observations.

this activity window. The top panel of Figure 10 shows

the LOFAR exposure given the properties of the activity
window. As 18 bursts were observed with LOFAR, the

exposure will provide the burst rate r as a function of w

and φ0. Given the activity window properties and the
burst rate, we draw burst arrival times from a uniform

distribution within the activity window for the activity

cycles spanning the LOFAR observations (see Figure 1).
For each w and φ0 combination, we run mulitple simu-

lations to obtain the fraction of simulations where the

simulated bursts fall within both the LOFAR observa-
tions as well as the observed phase range of LOFAR

bursts (0.53 < φ < 0.79). The bottom panel of Fig-

ure 10 shows this fraction, which we treat as the proba-
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Figure 10. Constraints on the width w and central phase
φ0 of the LOFAR activity window. The top panel shows
the exposure covered by the LOFAR observations as a func-
tion of the activity window properties. The dot indicates
the CHIME/FRB activity window properties, while the hor-
izontal line denotes the minimum LOFAR activity window
width set by the observed bursts. The bottom panel shows
the constraints on the width and central phase of the LO-
FAR activity window, based on numerical simulations where
burst times of arrival are drawn from a uniform distribution
within the activity window and 18 bursts are coincident with
the LOFAR observations and the observed activity phases
(0.53 < φ < 0.79). The contours provide the 68%, 95% and
99% confidence regions.

bility that all simulated bursts fall within the observed

LOFAR activity phase range.

The simulations show that the observed activity win-

dow of the LOFAR bursts is delayed with respect to the

activity window observed by CHIME/FRB. The best
fit parameters for w and φ0 are determined through a

Markov-Chain Monte Carlo analysis using the emcee

software (Foreman-Mackey et al. 2013) to sample and
maximize the probability that all simulated bursts co-

incident with the LOFAR observations fall within the

observed LOFAR activity range. Flat priors were used
for both parameters, though the width was limited to

the observed minimum range of w > 4.1 days. The

posterior distributions were obtained using 32 walkers
for 20000 steps, well beyond 100 times the largest au-

tocorrelation of the fitted parameters. After discard-

ing a burn-in phase of 1000 steps, and thinning by 35

steps, we obtained φ0 = 0.72+0.07
−0.04 and w = 5.0+2.3

−0.8 d.

Figure 1.6: The activity phases, after folding using the measured period of 16.35 days (CHIME/FRB Collaboration
et al., 2019b), of FRB 20180916B bursts detected by CHIME/FRB (600MHz; in green), the upgraded Giant Metrewave
Radio Telescope (uGMRT; 350MHz; in orange), and the Low-Frequency Array (LOFAR; 150MHz; in purple). Panel
(a) shows the activity phase versus the central frequency of the burst, where the error bars show the spectral burst
extent. The colour shaded region shows the observing bandwidth per telescope. The lower frequencies lag in phase
with respect to the higher frequencies. Panel (b) shows the activity phase as a function of burst time of arrival. Panel
(c) shows a comparison of the cumulative fraction of bursts through activity phase, with the telescope exposure to each
activity phase. Finally, a histogram of the exposure is shown in panel (d). Figure from Pleunis et al. (2021b).

bursts at high time and spatial resolution, respectively. These higher-frequency bursts were
found to occur earlier in the activity phase than CHIME/FRB’s lower-frequency bursts,
hinting at a frequency-dependence on the activity (Chime/Frb Collaboration et al., 2020).
In further support of a relationship between activity and observing frequency: in 17.6 hr
of 1.4GHz observations with the 100-m Effelsberg telescope specifically targeting when
FRB 20180916B was expected to be active, we detected no bursts despite CHIME/FRB dis-
covering 2 contemporaneous with our observations (Chime/Frb Collaboration et al., 2020).
This frequency-dependence was later confirmed with observations spanning from 1.4GHz
down to 100MHz, where the lower frequencies arrive later in activity phase than the higher
frequencies (Figure 1.6; Pleunis et al. 2021b; Pastor-Marazuela et al. 2021). This periodic
activity and relationship with frequency must be explained in the progenitor models for
FRB 20180916B. Models invoking a binary system (either interacting objects or absorption
from the surrounding plasma; e.g., Zhang 2017; Lyutikov et al. 2020), ultra-long-period ro-
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tation (e.g., Beniamini et al. 2020) and precessing neutron stars (e.g., Zanazzi & Lai 2020)
have been introduced to explain FRB 20180916B’s activity behaviour.
Following the discovery of FRB 20180916B’s periodic activity, a tentative ∼ 160day period
has been observed for FRB 20121102A (Rajwade et al., 2020; Cruces et al., 2021), but a
few more activity cycles are required to formally confirm this activity behaviour. Not only is
the activity behaviour comparable between FRB 20180916B and FRB 20121102A, but the
burst properties (e.g., morphology, polarimetry, etc.) are shared between the sources, and
in general differ from observations of non-repeating FRBs (see Chapter 2 for a discussion;
Pleunis et al. 2021a).

Environment of FRB 20180916B 9
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Figure 3. HST observations of FRB 20180916B’s host galaxy. The 60′′× 60′′ F110W image (top, left) shows the full image
of SDSS J015800.28+654253.0 and its surroundings. The dashed black box denotes the 5′′× 5′′ region shown in the zoomed-in
images: F110W (top, right), F673N (bottom, left; Hα-on), and F657N (bottom, right; Hα-off). The position of the FRB source,
including the astrometric uncertainties in its localization and radio-to-optical frame transfer, is shown by the green ellipse at the
center of each zoomed-in figure (pointed to by the green arrow). The blue bar indicates the angular scale corresponding to 1 kpc
at the distance of SDSS J015800.28+654253.0. The F110W zoomed-in image is annotated to show the ‘V’-shaped structure
and the 0.′′355 separation between FRB 20180916B and the center of the nearest Hα blob. The F673N and F657N images are
overplotted with F110W intensity contours to guide the eye. The color scale of each image is inverted.

Figure 1.7: Hubble Space Telescope images of FRB 20180916B’s Milky Way-like spiral host galaxy (left) and a zoom-in
on the “v-shaped” star-forming region near where FRB 20180916B resides (right). This peculiar “v-shaped” feature
has been modelled as arising due to a previous minor merger of galaxies (Kaur et al., 2022). The dashed box in the
left panel indicates the extent plotted on the right zoom-in panel. The green marker and arrow on the right indicate
the EVN position of FRB 20180916B (from Chapter 6). The white marker shows the ∼ 250 pc separation between the
FRB position and the peak of the nearby Hα region. Figure from Tendulkar et al. (2021).

Despite the many similarities between FRB 20180916B and FRB 20121102A, we show in
Chapter 6 that they live in very different environments. FRB 20180916B is living in a mas-
sive Milky Way-like spiral galaxy (total stellar mass ∼ 1010 M⊙; Chapter 6), ∼ 250 pc offset
from a star-forming region (Figure 1.7; Tendulkar et al. 2021), and has no persistent radio
counterpart. This is in contrast to FRB 20121102A which is embedded in a star-forming
region of a dwarf host galaxy (although still ∼ 200 pc offset from the peak of star-formation;
Bassa et al. 2017) and is found associated with a persistent radio source (see § 1.2.1). If one
assumes that the magnetar was born at the peak of star-formation, a typical natal kick ve-
locity (Hobbs et al., 2005; Bray & Eldridge, 2016) and the 250 pc offset for FRB 20180916B
would imply a magnetar age of ∼ 106 yr (and therefore not a young, age ∼ 103–105 yr, mag-
netar). It is possible that the massive star progenitor of the magnetar travelled outside of the
star-forming region before collapsing to a neutron star. However, Tendulkar et al. (2021)
argue that this is unlikely since only a small fraction (∼1–10%) of the massive star popula-
tion are considered “runaway” stars (Fujii & Portegies Zwart, 2011), and magnetars are a



12 Introduction

1
small fraction (∼10%) of the neutron star population (Kaspi & Beloborodov, 2017). These
results are more consistent with the interacting binary scenario (Tendulkar et al., 2021).
Perhaps FRB 20180916B and FRB 20121102A are both interacting binaries (e.g. a massive
star with an ionised stellar wind interacting with the highly magnetised neutron star com-
panion; Zhang 2017; Tendulkar et al. 2021) living in different environments, or conversely
maybe the difference in living conditions is informing us of the different physical origins of
repeating FRBs.

1.2.3 The highly active FRB: FRB 20201124A

After more than 2 years of apparent quiescence (burst rate is constrained to be <

3.4day−1; Lanman et al. 2022) prior to discovery in 2020 (Chime/Frb Collabortion, 2021),
FRB 20201124A entered a period of heightened activity in early 2021 (Figure 1.8; Lanman
et al. 2022), showing some of the highest average burst rates measured from any repeating
FRB, to date (45.8+7.8

−8.2 hr−1; Xu et al. 2021).
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Figure 1.8: FRB 20201124A burst detections in the literature, from the original discovery by CHIME/FRB in November
2020 (Lanman et al., 2022), through to the most recent detection using the Westerbork-RT1 25-m telescope in January
2022 (Ould-Boukattine et al., 2022). FRB 20201124A went into a period of heightened activity in April 2021, where
thousands of bursts were detected by many different telescopes over the span of a few weeks (Xu et al., 2021; Kirsten
et al., 2021a; Herrmann, 2021; Kumar et al., 2022; Law et al., 2021; Farah et al., 2021; Piro et al., 2021; Lanman
et al., 2022; Hilmarsson et al., 2021b), before entering a quiescent period for months. Figure made by K. Nimmo.

Telescopes all over the world detected bursts from FRB 20201124A within a time span of
weeks-to-months, before FRB 20201124A entered another spell of quiescence (Figure 1.8).
This period of heightened activity and consequently large number of detections of bursts
from FRB 20201124A allowed for some interesting insights. FRB 20201124A was precisely
localised to a massive star-forming galaxy at a redshift of z= 0.0979 ± 0.0001 (stellar mass
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2 × 1010 M⊙; Fong et al. 2021; Ravi et al. 2022). Initial observations with both the VLA
(Ricci et al., 2021) and the upgraded Giant Metrewave Radio Telescope (uGRMT; Wharton
et al. 2021a) find an unresolved radio source, potentially similar to the persistent radio
counterpart of FRB 20121102A (see § 1.2.1). Increasing the spatial resolution with VLBI
observations (Chapter 5, Ravi et al. 2022), however, showed that this radio source was not
compact, implying that it was most likely associated with star-formation in the host galaxy.
High radio frequency (22GHz) imaging with the VLA resolved the radio source, further
supporting the star-formation origin (Piro et al., 2021). With the VLBI position measured in
Chapter 5, we show that the FRB source is embedded within the star-forming region, and
this extremely high accuracy on the FRB position will allow us to measure the proximity
to nearby knots of star-formation with upcoming Hubble Space Telescope observations (e.g.,
Bassa et al. 2017 for FRB 20121102A, and Tendulkar et al. 2021 for FRB 20180916B).
FRB 20201124A’s burst polarimetric properties deviate from the characteristic description
that is emerging for the polarimetric properties of repeating FRBs – i.e. strong linear polari-
sation, no circular polarisation, and constant polarisation angle during and between bursts
(see discussion in Chapter 2) – FRB 20201124A bursts are sometimes strongly circularly
polarised (Hilmarsson et al., 2021b; Kumar et al., 2022). This has been interpreted as ex-
trinsic propagation effects from the local environment distorting the observed polarimetric
properties, introducing measurable circular polarisation in the bursts.
The lack of a compact persistent radio counterpart is puzzling: the high burst activity and
apparent propagation effects in the polarimetric properties of FRB 20201124A suggest that
it is a young source in a high-density, turbulent plasma environment. Why does it then not
show a persistent radio counterpart like FRB 20121102A and FRB 20190520B?
From a technical perspective, the high activity of FRB 20201124A allowed for multi-epoch
VLBI observations with a range of participating telescopes, burst brightnesses and burst spec-
tra, which all influence the accuracy of the derived FRB position (see Chapter 5). This pre-
sented the opportunity to explore the robustness of the VLBI technique for FRB localisation,
an invaluable exercise for the future of VLBI FRB localisations (see §1.3).

1.2.4 The Galactic FRB from SGR 1935+2154

As discussed earlier, Galactic neutron stars are prolific emitters of fast radio transients: pul-
sars and RRATs are known for their periodic, but sometimes sporadic radio pulses (Hewish
et al., 1968; McLaughlin et al., 2006); some pulsars produce occasional giant pulses with
brightness greater than an order of magnitude higher than the average regular pulses
(Cordes et al., 2004); and a handful of knownmagnetars in the Milky Way have been seen to
produce both periodic and sporadic radio pulses that can occur at various rotational phases
(Camilo et al., 2006, 2007; Levin et al., 2010; Eatough et al., 2013). But the luminosity of
this emission is orders of magnitude weaker than measured for FRBs (Figure 1.2).
On 28 April 2020, an exceptionally high-fluence, millisecond-duration radio flare was de-
tected from the Galactic magnetar SGR 1935+2154, simultaneously by both CHIME/FRB
(at 600MHz; CHIME/FRB Collaboration et al. 2020) and the STARE2 experiment (at



14 Introduction

1
1.4GHz; Bochenek et al. 2020). Not only is this the first time radio emission was ob-
served from SGR 1935+2154, but the inferred isotropic-equivalent spectral luminosity of
∼ 1029 erg s−1 Hz−1, is the highest luminosity fast radio transient ever seen from the Milky
Way, and many orders of magnitude brighter than typical magnetar radio emission (Camilo
et al., 2006; Caleb et al., 2022b). This luminosity, however, is still ∼ 1–2 orders of magni-
tude weaker than the weakest burst reported from FRB 20180916B which, until recently,
was the closest-known extragalactic FRB (Chapter 6).
In the days and weeks following this discovery, a much lower-luminosity radio burst,
more representative of typical radio emission from magnetars, was discovered from
SGR 1935+2154 (Zhang et al., 2020), followed by 2 radio bursts with luminosities almost
directly in between (Kirsten et al., 2021b). This highlights that SGR 1935+2154 can pro-
duce radio emission spanning roughly 8 orders of magnitude in luminosity, and, as yet, the
distinction between FRB-like emission and less luminous fast radio transients from magne-
tars is not clear. Future studies of SGR 1935+2154 and other Galactic magnetars will shed
light on the possibility of multiple physical processes creating these transients, or whether
a single emission model can accommodate the huge range of observed luminosities.16 E. Petroff et al.

RADIO X-RAYS

SGR 1935+215428 April 2020 burst
Adapted fromMereghetti et al.ApJ 898,L29 (2020)
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Fig. 9 Hard X-ray burst detected from SGR 1935+2154 using INTEGRAL. Peaks 1 and 2
roughly align with the two radio peaks seen from the CHIME/FRB detection (CHIME/FRB
Collaboration et al. 2020), though there is a lag of a few milliseconds. Figure courtesy
S. Mereghetti, adapted from Mereghetti et al. (2020).

contrast, From 2017–2020, the absolute RM has decreased from−103, 000 rad m−2

to −67, 000 rad m−2 (Hilmarsson et al. 2021a, note that in the source frame
this corresponds to −148, 000 rad m−2 to −96, 000 rad m−2). FRB 20121102A
has also shown RM variations of 100s to 1000s of rad m−2 on timescales of
days to weeks (Michilli et al. 2018; Hilmarsson et al. 2021a). Other repeaters
have also shown such short-timescale RM variations at a similar magnitude
(Luo et al. 2020; Xu et al. 2021), while others have been considerably more
stable, showing only subtle RM variations (Pleunis et al. 2021b). Foreground
and host galaxy ISM contributions are comparatively small, and hence such
changes directly map variations in the local environment.

2.5 Seeing them at other wavelengths

Despite being, until recently, the closest-known extragalactic FRB source,
FRB 20180916B shows no evidence for prompt or persistent optical or high-
energy X-ray or gamma-ray emission (Scholz et al. 2020; Pilia et al. 2020).
At 3.6 Mpc, FRB 20200120E provides the best opportunity yet for multi-
wavelength detections, but no such emission has yet been found (Kirsten et al.
2021a; Mereghetti et al. 2021, these limits rule out giant flares that might be
expected from a young hyper-active magnetar).

SGR 1935+2154 provides arguably the most interesting multi-wavelength
information to date. INTEGRAL observations in the hard X-ray band (20–
200 keV) show a burst9 lasting for ∼ 0.6 s, and superimposed on this broad
feature are three narrow (∼ 3 ms) peaks separated by ∼ 29 ms. Two of the

9 A number of other high-energy telescopes also detected this burst.

Figure 1.9: INTEGRAL detection of an atypical hard X-ray burst from SGR 1935+2154 (blue; Mereghetti et al. 2020)
contemporaneous with the FRB-like radio burst (red; CHIME/FRB Collaboration et al. 2020; Bochenek et al. 2020).
Figure from Petroff et al. (2022), adapted from Mereghetti et al. (2020).

Contemporaneous with the bright FRB-like burst on April 28 2020, many X-ray instruments
detected an atypical hard X-ray flare (Figure 1.9; Mereghetti et al. 2020; Li et al. 2020; Rid-
naia et al. 2020; Tavani et al. 2020). Storms of X-ray bursts are sometimes observed from
magnetars (e.g. Younes et al. 2020), and SGR 1935+2154’s X-ray activity was observed to
rapidly ramp up only hours before the FRB-like burst (Fletcher & Fermi GBM Team, 2020;
Palmer, 2020; Younes et al., 2020). The contemporaneous X-ray flare, however, observa-
tionally stands out from the typical X-ray magnetar emission: its spectrum is harder than
typical X-ray bursts from SGR 1935+2154 (note SGR is an acronym for Soft Gamma-ray Re-
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peater), and the spiky morphology of the burst (Figure 1.9) is also atypical compared with
the sharp rise and slow decay that is often seen (Huppenkothen et al., 2015). This represents
the first and, to date, only time an FRB has been observed accompanied by a high-energy
burst. Compared with typical FRB distances of gigaparsecs, FRB 20180916B (§1.2.2) is rel-
atively nearby: only ∼ 149Mpc from Earth (see Chapter 6). Despite FRB 20180916B being
relatively nearby, there is no evidence for any multi-wavelength signature (neither prompt
nor persistent; Scholz et al. 2020; Pilia et al. 2020). Assuming the same ratio of radio to
X-ray fluence for FRB 20180916B as measured for the FRB-like event from SGR 1935+2154
(∼ 10−5; Mereghetti et al. 2020), prompt X-ray emission would not be detectable at the
distance of FRB 20180916B given the sensitivities of current instruments.

1.2.5 The extremely nearby FRB: FRB 20200120E

Until recently, there was a huge gap in space and knowledge between the FRB-like event
from SGR 1935+2154, and the relatively nearby repeating FRB 20180916B. That was un-
til Bhardwaj et al. (2021a) discovered a repeating FRB, FRB 20200120E, coming from
the direction of the grand design spiral galaxy M81 at a distance of only 3.6Mpc (Freed-
man et al., 1994; Karachentsev et al., 2002). With the localisation precision afforded by
CHIME/FRB, Bhardwaj et al. (2021a) identified 4 astrophysical sources potentially related
to FRB 20200120E (Figure 1.10i): an M81 HII region (Patterson et al., 2012), an unidenti-
fied X-ray source (Sell et al., 2011), a globular cluster in M81 (Perelmuter & Racine, 1995;
Perelmuter et al., 1995), and an unidentified radio source (Gordon et al., 2020). Using the
EVN, we pinpointed FRB 20200120E to the M81 globular cluster [PR95] 30244 (Perelmuter
& Racine, 1995; Perelmuter et al., 1995), approximately 2 pc from the globular cluster’s cen-
tre of optical light (Figure 1.10ii; Kirsten et al. 2022).
FRB 20200120E living in an older stellar population, a globular cluster, is in stark con-
trast to the relatively close proximity to active star-formation in the case of other well-
localised repeating FRBs: FRB 20121102A (§1.2.1), FRB 20180916B (Chapter 6, §1.2.2),
and FRB 20201124A (Chapter 5, §1.2.3). This important discovery challenges FRB progeni-
tor models which invoke a magnetar that was created through the typical core-collapse su-
pernova formation route, and instead requires the magnetar to be created through a more
exotic formation process such as accretion-induced collapse of a white dwarf or the merger
of compact objects (Kremer et al., 2021; Kirsten et al., 2022; Lu et al., 2022).
Perhaps FRB 20200120E is not a magnetar, but instead a millisecond pulsar or an inter-
acting binary system, both of which are found in abundance in globular clusters (Pooley
et al., 2003; Heinke et al., 2003; Ablimit & Li, 2015; Hessels et al., 2015; Ye et al., 2019).
The relative proximity of FRB 20200120E provides the unique opportunity to bridge the
understanding of Galactic neutron stars to the extremely distant extragalactic FRBs. This
is the main focus of Chapters 3 and 4 of this thesis, where we show that FRB 20200120E
is observationally connecting Galactic neutron stars and extragalactic FRBs (black markers
in Figure 1.2). FRB 20200120E burst luminosities are lower than the weakest FRBs by ∼ 2
orders of magnitude, and even lower than the FRB-like event from SGR 1935+2154 by an or-
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of -
+20 kpc2

3 19 from the center of M81, well within the extended
H I disk (see Figure 3) and thick disk of M81 (≈25 kpc;
Tikhonov et al. 2005). The FRB localization region is in the
location where tidal interaction among M81 group members
has resulted in the formation of star-forming clumps. Observa-
tions in the visible band give only marginal signs of these
sources, but they are extensively studied in the radio and X-ray
bands. These sources are discussed in Section 3.5. Moreover,
between the M81 group and Milky Way, we did not find any
cataloged field or Milky Way halo satellite galaxy. All of these
observations make M81 a plausible host galaxy for FRB
20200120E.

3.3. Can the Proximity to M81 Be by Chance?

We now estimate the chance coincidence probability (Pcc) of
finding an M81-like bright galaxy close to the FRB localization
region. We define Pcc= AGal/ACHIME, where AGal is the total
angular sky area spanned by M81-like or brighter galaxies that
are visible to CHIME, and ACHIME is the total sky area visible
to CHIME (sky area above decl.−10°; ≈61% of the total
sky area). To be conservative, we remove the Milky Way sight
lines where the DM excess of FRB 20200120E is less than the
∼10% systematic error on the maximum of the two different
Milky Way DM model predictions (Cordes & Lazio 2002; Yao
et al. 2017), which we define as DMex. This DM-excess

constraint removes 10% of the total sky visible to CHIME
(mostly consisting of the Galactic plane), and we estimate
ACHIME= 20,600 deg2. Note that the CHIME sensitivity
changes with decl., but this effect is likely insignificant in
our case, as all of the nearby bright galaxies are within 30° of
the zenith in the CHIME primary beam. Next, we use the
catalog of the local volume galaxies,20 which is complete for
M81-like bright galaxies, and find three galaxies other than
M81 that have extinction-corrected B-band magnitudes,
mB� 7.5, mB of M8121: M31 (Andromeda; mB= 3.7 at
770 kpc), M33 (Triangulum; mB= 6.1 at 930 kpc), and IC 342
(mB= 7.2 at 3.28 Mpc). To estimate the total sky area of these
galaxies, we use a circular region with an angular radius
equivalent to a 20 kpc projected offset (of FRB 20200120E
from M81) at their respective distances, which are ≈1°.49,
1°.23, 0°.35, and 0°.31 for M31, M33, IC 342, and M81,
respectively. Using these values, we estimate AGal≈ 12.4 deg2

and, hence, Pcc= 6× 10−4.
As the presence of M81 is inferred post hoc, it is essential to

correct the chance coincidence probability for the problem of
multiple testing (also known as the look-elsewhere effect),
which tends to increase the false-positive rate of a discovery
(type I error; Maxwell et al. 2017). To account for this, we use

Figure 3. Digital Sky Survey (DSS) RGB image of the region around M81. The red ellipse represents the 90% confidence localization region of FRB 20200120E.
Source 1 is the cataloged M81 H II region, [PWK2012] 31 (Patterson et al. 2012); source 2 is an X-ray source, [SPZ2011] 8 (Sell et al. 2011); source 3 is an M81
globular cluster, [PR95] 30244; and source 4 is the VLASS point radio source, VLASS1QLCIR J095756.10+684833.3 (Gordon et al. 2020). All of the sources are
found in the outer disk of M81. The inset image is the 21 cm line view of the M81 circumgalactic medium (CGM; Chynoweth et al. 2008); the dashed magenta box is
the DSS image field of view.

19 90% c.l.

20 https://www.sao.ru/lv/lvgdb/introduction.php (visited on 2020 Decem-
ber 19).
21 Though we have used B-band magnitudes that are provided by the catalog,
the results would not change if we use other optical band magnitudes.
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specific rate23–25. We thus propose that FRB 20200120E is a magnetar 
formed via accretion-induced collapse (AIC)26 of a white dwarf (WD) 
or via merger-induced collapse (MIC) of a WD–WD, NS–WD or NS–NS 
binary27–29— systems that are common in globular clusters and, like 
FRB 20200120E, are found concentrated towards their core30 (Methods).  
The lack of a persistent radio or X-ray source at the position of 
FRB 20200120E is expected in an AIC/MIC scenario, as any emission 
generated during collapse fades on short time scales (less than 1 yr)7.

The globular cluster host of FRB 20200120E also suggests some 
alternatives to the magnetar class of FRB models. FRB 20200120E 
could be a compact binary system—such as a tight WD–NS system in a 
pre-merger phase or a magnetized NS with a planetary companion31,32—
in which the bodies are interacting magnetically. Similarly, a binary 
millisecond pulsar with a strong magnetic field formed via AIC and 
that was subsequently spun-up via accretion33,34 could act as an FRB 
engine. Such a system could also be observable as a low-mass X-ray 

binary (LMXB)35, as would an accreting black hole. In such an LMXB 
model, the radio bursts could be generated via magnetic reconnec-
tion in a relativistic jet or where the jet shocks with the surrounding 
medium and creates a synchrotron maser36. Except for the most lumi-
nous LMXBs (LX ≈ 1038 erg s−1), our observations cannot rule out such 
systems. However, none of the approximately 200 Galactic LMXBs 
has been seen to generate FRBs. In some cases, ultraluminous X-ray 
sources37 have been shown to be NSs accreting at hyper-Eddington 
rates38, although some may be systems with a more massive black hole 
primary39. We note that ultraluminous X-ray sources have been associ-
ated with extragalactic globular clusters40, but such systems are ruled 
out by our X-ray limit unless their luminosity varies in time by more than 
two orders of magnitude. Additionally, the association with a globular 
cluster rules out a high-mass X-ray binary origin of FRB 20200120E 
and the projected offset of appoximately 2 pc from the centre of light 
of [PR95] 30244 excludes the association of FRB 20200120E with, for 
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Fig. 3 | Optical images of the FRB 20200120E host and surrounding field.  
a, 40″ × 40″ g′-, r′- and i′-band image of [PR95] 30244 acquired with Hyper 
Suprime-cam. The small red ellipse is centred at the location of 
FRB 20200120E. b, Magnified r′-band image of [PR95] 30244. The grey circle 
represents the estimated position of the centre of [PR95] 30244 and its 3σ 
uncertainty (dominated by the optical-to-radio reference frame tying). The 

small red ellipse is the same as in a, and represents the 10σ positional 
uncertainty region of FRB 20200120E. c, d, Cross-sections of the brightness 
distribution of the cluster (blue solid lines) with the fitted Moffat profile 
overlaid in black. Indicated in solid grey lines are the PSFs as measured from 
stars in the images. Note that scatter in the PSFs is smaller than the linewidth.
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Fig. 4 | Continuum maps of the field around FRB 20200120E. a, 1.4-GHz EVN 
continuum image after combining the three epochs (EK048B, EK048C and 
EK048F). b, 1.5-GHz Realfast image. c, 340-MHz VLITE continuum image. The 
red circles indicate the 10σ (for EVN) and 1,000σ (for Realfast, VLITE) positional 
uncertainty region of FRB 20200120E. Note the very different scales between 

the three panels. We clip all values below zero and above 60 μJy beam−1 (EVN), 
50 μJy beam−1 (Realfast) and 3 mJy beam−1 (VLITE) for visualization purposes. 
The black ellipse in the bottom left corner of each image indicates the 
synthesized beam size and position angle.

(ii)

Figure 1.10: (i): The red ellipse shows the CHIME/FRB localisation region for FRB 20200120E in the outskirts of the
M81 galaxy (Bhardwaj et al., 2021a) overplotted on the Digital Sky Survey RGB image of the field. Within the error
ellipse are four numbered sources: 1. an M81 HII region (Patterson et al., 2012); 2. an unidentified X-ray source (Sell
et al., 2011); 3. an M81 globular cluster (Perelmuter & Racine, 1995; Perelmuter et al., 1995); and 4. an unidentified
radio source (Gordon et al., 2020). The inset shows the M81 circumgalactic material through 21-cm emission, high-
lighting that FRB 20200120E is in the outskirts of M81. Figure from Bhardwaj et al. (2021a). (ii): EVN localisation of
FRB 20200120E (red marker is the 10σ uncertainty on the FRB position) to Source 3 from the left panel, i.e. the M81
globular cluster [PR95] 30244. The image is a g’, r’ and i’ band optical image using Subaru’s Hyper Suprime-cam. The
FRB is found ∼ 2 pc from the centre of optical light of the globular cluster. Figure from Kirsten et al. (2022).

der of magnitude (see §1.2.4 and Figure 1.2). Furthermore, the FRB 20200120E timescales
span from ∼100µs down to ∼ 60ns, atypically narrow compared with other well-studied
FRBs, but comparable to the phenomena seen in Crab pulsar giant pulses (Hankins & Eilek,
2007). Despite the timescales and luminosities differing from other FRBs, the burst mor-
phology, polarimetric properties, activity behaviour and energetics resemble those of other
repeating FRBs. Observationally, FRB 20200120E is sitting in the middle of these different
sources of fast radio transients. This highlights the importance of nearby sources for our
understanding of the origins of these fast transients spanning across a broad range of phase
space (Figure 1.2).

1.3 The FRB population

The FRB field has advanced significantly since I began my PhD; this is mostly a result of
the rapid rise in the number of known FRBs from a few dozen in 2018 to now exceeding
600, of which ∼ 4% are known to repeat (as of May 2022; e.g. CHIME/FRB Collaboration
et al. 2021). Continuing to study interesting individual FRB sources, those that seem to ob-
servationally stand-out from the general population (e.g., FRB 20201124A’s suddenly high
activity, or the so far non-repeating FRB 20191221A which shows a ∼ 217ms periodicity
between sub-bursts; The CHIME/FRB Collaboration et al. 2021) will continue to unveil im-
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portant insights into the nature of FRBs. We are now also entering the regime of having
sufficient numbers to explore the population statistics.
Since the discovery of the first repeating FRB, FRB 20121102A (see §1.2.1; Spitler et al.
2016), there has been debate about whether repeating and non-repeating FRBs come from
different types of astrophysical objects, or whether the only difference is the activity rate:
perhaps if one observes for long enough a non-repeater will produce more bursts. Recently,
however, using the first CHIME/FRB catalog of 536 FRB sources (CHIME/FRB Collabora-
tion et al., 2021), Pleunis et al. (2021a) show that, in general, repeating FRB bursts are
temporally wider, and spectrally narrower than the non-repeating FRBs. Additionally, the
burst morphology appears to differ between repeaters and non-repeaters: broadband, “sim-
ple” bursts are common morphological types of non-repeating FRBs (Type 1 in Figure 1.11;
Pleunis et al. 2021a), but are never seen in the case of repeaters, while almost all repeating
FRBs exhibit narrowband bursts (Type 2 in Figure 1.11; Gourdji et al. 2019), and downward-
drifting sub-bursts (Type 4 in Figure 1.11; Hessels et al. 2019; Pleunis et al. 2021a). Already
sub-populations appear to be forming, and future additions of polarimetry, extremely high
time resolution studies, as well as precision localisations of this large scale will further ad-
vance our knowledge of the different FRB types, and what this means for their progenitor
and emission physics.
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Figure 3. Dedispersed dynamic spectra of the four FRB morphology archetypes described in the text, as detected by
CHIME/FRB. These are FRBs 20190527C, 20190515D, 20181117B and the 2019 August 10 burst of repeating FRB 20190117A.
Knots of intensity in the burst spectra are instrumental in origin.

4. REPEATERS VERSUS NONREPEATERS

In Figure 4, we compare the morphology of FRBs that have not yet repeated with those of FRBs from repeater
sources using the fitted intrinsic widths and spectral runnings as a proxy for bandwidth. We consider the sample of all

repeater bursts as well as the sample with only the first repeater detections, as the former is biased by the detection
threshold for subsequent bursts from the same source being lower and by containing a disproportionate number of
bursts from more prolific repeater sources. In Figure 5, we compare the durations and bandwidths of FRBs. This is a

slightly more intuitive comparison as the two values can be more easily estimated by eye from a dynamic spectrum.
By eye the parameters associated with one-off events and repeater bursts already appear to be distributed differently.

Even though burst spectra are described by two parameters (the spectral index γ and running r, or bandwidth and peak
frequency), we compare the parameter distributions separately, as nonparametric statistical tests that ask whether two

samples are drawn from the same probability distribution are ill-defined in more than one dimension (e.g., Feigelson
& Babu 2012).

We take the intrinsic widths, burst durations, spectral runnings and burst bandwidths and compare all one-off FRBs

with the first detected bursts from repeaters, using the k-sample Anderson-Darling (AD) test (Scholz & Stephens
1987), as implemented in the CRAN package kSamples.9 We do not include a comparison of the spectral indices as
this parameter is correlated with the spectral running and the running more directly distinguishes broadband (r ∼ 0)

and narrowband (r < 0) emission. To account for the uncertainties on the measurements of the intrinsic width
and spectral running we Monte Carlo (MC) resample 10,000 times, each iteration drawing a measurement randomly
from its Gaussian uncertainty region before recalculating the p-value from the AD test comparison. Across all MC
iterations we calculate a 95% confidence interval upper limit on the p-values. We repeat the analysis after imposing

a detection S/N ≥ 12 threshold for inclusion (below this threshold real events that were detected in the search might
have been misclassified as noise or radio frequency interference by humans verifying candidate FRBs). The results of
the analyses, compiled in Table 1, show that among all four variables there exists a statistically significant observed

difference between the two samples. It is thus clear that one-off events and repeater bursts differ strongly in average
width and bandwidth.

9 https://CRAN.R-project.org/package=kSamples

Figure 1.11: Four identified FRB morphological types. Dispersion has been corrected for in the burst dynamic spectra
(flux as a function of frequency and time) and profiles (frequency-averaged). Type 1 shows a broadband “simple” burst
with scatter broadening creating an exponential tail to the FRB profile. Type 2 is a narrowband “simple” burst. Type
3 shows multiple burst components that share a similar spectral extent. Lastly, Type 4 shows the downward-drifting
sub-bursts, often termed the “sad-trombone” effect, of repeating FRBs (Hessels et al., 2019). Note that the white bands
in the dynamic spectra are data that have been masked due to the presence of radio frequency interference. Figure
from Pleunis et al. (2021a).



18 Introduction

1
To date, there are ∼ 20 FRBs localised to host galaxies7, 7 of which are repeating FRBs
(Chapters 5 and 6; Chatterjee et al. 2017; Marcote et al. 2017; Bannister et al. 2019; Ravi
et al. 2019; Prochaska et al. 2019; Bhardwaj et al. 2021b; Macquart et al. 2020; Heintz et al.
2020; Law et al. 2020; Bhandari et al. 2020; Niu et al. 2021; Kirsten et al. 2022; Bhandari
et al. 2022). As is clear from the work presented in this thesis and discussion throughout
§1.2, repeating FRBs live in a diversity of environments. Some are found in close proximity to
active star-formation, while others are found in galaxies with low star-formation rates. They
are sometimes found well within the galactic disk of their host and, conversely, sometimes in
the outskirts of the host galaxy (Bhandari et al., 2022). Despite only having a small number
of localised FRBs, some trends are emerging: e.g., FRBs preferentially avoid massive red
galaxies; the host properties are consistent with hosts of core-collapse supernovae; and the
offsets of FRBs from their host galaxy centres are inconsistent with the Milky Way’s neutron
star population8 (Bhandari et al., 2022). Currently the CHIME/FRB telescope (see §1.6) is
being outfitted with sister telescopes separated at large distances to be used as a very-long-
baseline interferometer (CHIME/Outrigger project). The prospects for this experiment are
incredibly promising, with expectations of a few FRBs precisely localised daily. Depending
on the available optical follow-up resources, this will provide a large sample of FRBs with
known host galaxy properties in the near future. Soon there will be hundreds-to-thousands
of precisely localised FRBs, providing valuable insight into the question of the FRB origin(s).

1.4 FRB progenitor and emission models

Following the discovery of pulsars (Hewish et al., 1968), the existence of short-duration ra-
dio transients bright enough to be detected from extragalactic distances have been proposed
since the 1970s: coming from, e.g., an expanding supernova shock ploughing into surround-
ing material (Colgate & Noerdlinger, 1971; Colgate, 1975) or from the final evaporation of
black holes through the release of Hawking radiation (Rees, 1977). The list of possible pro-
genitors capable of producing FRBs has expanded drastically since their discovery in 2007
(Lorimer et al., 2007; Platts et al., 2019): ranging from isolated compact objects (e.g., Rees
1977; Cordes & Wasserman 2016; Metzger et al. 2017), interacting and colliding compact
objects (e.g., Lyutikov 2013; Gu et al. 2016; Zhang 2016, 2017) to more exotic models such
as superconducting cosmic strings (e.g., Vachaspati 2008).
At least some FRBs have been seen to repeat (e.g., Spitler et al. 2016) meaning that a cat-
aclysmic origin of the burst emission is ruled out for these sources. These repeating FRB
sources have huge energy budgets of ∼ 1047–1049 erg (Margalit et al., 2020). One of the most
compelling progenitor models, to date, are magnetars. The reasons for this are, firstly, mag-
netars have ultra-strong, multi-polar magnetic fields (1014–1015 G), which can be considered
a huge energy reservoir, from which the energy in the FRBs can be drawn (e.g., during out-
bursts in which the magnetic field topology reconfigures; Lyutikov & Popov 2020; Lyutikov
2021). Additionally, as described throughout Chapter 1, neutron stars are prolific producers
7https://frbhosts.org/
8Although it is worth noting that the current localised FRB sample may be biased by radio and optical observational
selection effects (Seebeck et al., 2021).

https://frbhosts.org/
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of radio transients on millisecond timescales (albeit typically at much lower luminosities),
and, to date, one Galactic magnetar has produced a radio transient closely resembling the
FRB phenomenon in terms of its duration, spectrum and luminosity (§1.2.4; CHIME/FRB
Collaboration et al. 2020; Bochenek et al. 2020).
However, a number of FRB observations challenge the simple hypothesis of an isolated mag-
netar. SGR 1935+2154 is an isolated magnetar with a spin period of 3.245 s (Israel et al.,
2016). Longer periods of hundreds of days have been claimed for the activity behaviour of
SGR 1935+2154 (Grossan, 2021), however this remains to be conclusively shown and there-
fore it is unclear whether an isolated magnetar like SGR 1935+2154 could be responsible
for the observed 16-day and tentative 160-day activity cycles of FRB 20180916B (§1.2.2)
and FRB 20121102A (§1.2.1), respectively. Perhaps a binary system is required to introduce
such a long activity period (e.g., Zhang 2017; Lyutikov 2020), however ultra-long period
magnetars (e.g., Beniamini et al. 2020) and precession (e.g., Zanazzi & Lai 2020) have also
been suggested to explain this phenomenon.
SGR 1935+2154 has also only been seen to produce a single bright FRB-like transient in
the last 3–4 years (the time span over which the transit telescope CHIME/FRB has been
operational, although note that CHIME can only see SGR 1935+2154 for at most a few
hours per day)9. Some repeating FRBs, however, have been seen to produce hundreds-to-
thousands of FRBs in time spans of weeks and months, despite their much larger distances
(Li et al., 2021; Hewitt et al., 2021; Jahns et al., 2022; Xu et al., 2021). Can this drastic
difference in activity rate arise due to the physical conditions of the magnetar (e.g., age,
magnetic field strength and magnetic field topology)? Or does the difference arise due to
propagation effects in the local environment?
Magnetar progenitor models are broadly divided into two categories: magnetospheric (e.g.,
Lu et al. 2019), where the emission arises from within the neutron star’s magnetosphere, or
non-magnetospheric (e.g., Metzger et al. 2019), where the emission originates from much
larger radial distances. In magnetospheric models, the FRB emission is thought to be emit-
ted by either reconfiguration of the magnetic field lines (Lyutikov & Popov, 2020; Lyutikov,
2021) or acceleration of charged particles along magnetic field lines close to the neutron star
surface emitting curvature radiation (Kumar et al., 2019). For the FRB origin to be at large
radial distances from the central neutron star, Metzger et al. (2019) suggest an outward
propagating shock from, e.g., a magnetar flare, interacting with the surrounding material
to produce the FRB emission.
The host galaxy properties of the ∼ 20 well-localised FRBs are consistent with magnetars
created through core-collapse of a massive star, with the exception of FRB 20200120E found
living in a globular cluster (§1.2.5; Kirsten et al. 2022). Although stellar core-collapse is the
most likely way to create a magnetar, they can be created by other formation channels such
as accretion-induced collapse of a white dwarf (e.g., Nomoto & Kondo 1991; Tauris et al.
2013) or the merger of compact objects (e.g., Rosswog et al. 2003; Zhong & Dai 2020).
Future studies of individual interesting FRB sources, Galactic neutron stars, and the FRB
9CHIME/FRB did report some subsequent lower-luminosity radio bursts from SGR 1935+2154, detected about
6months after the FRB-like event (Good & Chime/Frb Collaboration, 2020).
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population as a whole will shed light on whether isolated magnetars are responsible for the
phenomena observed, whether a binary companion must be introduced to explain a subset
of the FRB population, or perhaps even whether some other non-magnetar progenitor is
required to explain all of the emission types observed.

1.5 FRBs as probes

Having large numbers of well-localised and well-characterised FRBs will shed light on their
progenitor and emission properties. But even in the absence of knowledge about the FRB
origin, and as with pulsars, FRBs have huge potential as astrophysical and cosmological
probes.
Short-duration radio transients are highly affected by propagation effects such as dispersion
(see §1.1). As mentioned in §1.1, pulsars have been used to map the ionised material in
the Milky Way. Since FRBs are much more distant than the known pulsar population, their
signals interact with not only the ionised material in the Milky Way, but also any ionised
material in the host galaxy, any intervening galaxy, and additionally the medium between
galaxies. The material in the IGM is difficult to probe using methods such as absorption
line spectroscopy since it is not sensitive to 100% of the baryons and there are uncertain
assumptions used. In contrast, an FRB’s DM is essentially a count of every baryon along the
line-of-sight from the FRB source to Earth, and therefore can be used to probe this otherwise
invisible material (Macquart et al., 2020). The baryonic content in the IGM is related to
redshift through the relationship (Deng & Zhang, 2014; Zhou et al., 2014; Petroff et al.,
2022)

DMIGM = ΩB

3H0c

8πGmp

∫ zFRB

0

(1 + z)fIGM[ 3
4 XH(z) + 1

8 XHe(z)]
[ΩM (1 + z)3 + ΩΛ(1 + z)3(1+w(z))]1/2

dz, (1.8)

for Hubble constant H0, baryonic ΩB , matter ΩM , and dark energy ΩΛ densities, relative
to the critical density ρ = 3c

2
H

2
0 /8πG, speed of light c, gravitational constant G, proton

mass mp, dark energy equation-of-state parameter w, fraction of baryons remaining in the
IGM from the Big Bang fIGM and the ionisation fractions of hydrogen XH and helium XHe.
Having a large number of FRBs with known redshifts and IGM dispersion contributions will
independently constrain the cosmological parameters, e.g., the Hubble constant H0 and the
baryonic density ΩB . The prediction is that 500 FRBs are required to constrain the Hubble
constant to the few percent level (Hagstotz et al., 2022), which could relieve the tension
between the cosmic microwave background (Planck Collaboration et al., 2020) and type
Ia supernovae methods (Riess et al., 2019)10. The variance in this DM–z relationship also
contains valuable insight into the structure of baryonic matter in galactic halos along the
line-of-sight (McQuinn, 2014).
While dispersion is used to probe the amount of ionised material along the line-of-sight,
Faraday rotation (see §1.2.1) can be used to probe the magnetisation of the material in
10We add the caveat that these are early-time and late-time measurements of H0, so if there is evolution of H0 with

redshift then one should expect a difference in these measurements.
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other galaxies and between galaxies. Another propagation effect we have not discussed yet
is scintillation, which describes the distribution of the ionisedmaterial along the line-of-sight,
i.e. how clumpy the material is (Figure 1.12). Scintillation studies on a large sample of FRBs
can be used to probe the turbulence in the IGM (Xu & Zhang, 2020).

24 The pulsar phenomenon

which results in a reduction in the S/N ratio. However, as can be seen
in Figure 1.11 the scattering time decreases when the pulsar is observed
at higher frequencies. This is to be expected in the thin-screen model
since τs ∝ 1/∆f ∝ f−4 (see Chapter 4), although recent work (see,
for example, Löhmer et al. (2001)) suggests that the scaling index with
frequency deviates from this simple model and can be as low as –2.8.

0 90 180 270 360
Pulse phase (degrees)

Lovell, 1408 MHz

GMRT, 610 MHz

Lovell, 408 MHz

GMRT, 325 MHz

GMRT, 243 MHz

Fig. 1.11. Pulse profiles for PSR B1831–03 observed at five different frequen-
cies with the Lovell telescope and the GMRT. These data show clearly the
increasing effects of scatter broadening at lower frequencies. The solid lines
show exponential model fits to the data (see Chapter 4 for further details).
Figure provided by Oliver Löhmer.

The strong inverse frequency dependence of scattering clearly favours
searches carried out at high frequencies. This is one of the main reasons
why the Parkes multibeam Galactic plane survey, carried out at 1.4 GHz
(Manchester et al. 2001), was so much more effective at finding highly

(i)

A&A proofs: manuscript no. aanda

Fig. 2: Dynamic spectra of 15 scintillating pulsars with LOFAR. The white patches were removed because of radio-frequency
interference. The color scheme indicates the pulse S/N ranging from blue (S/N - 2 × σS/N) to yellow (S/N + 3 × σS/N), which is
heavily modulated due to diffraction in the interstellar medium. The high-S/N "islands" are commonly referred to as scintles and
provide information on the turbulent interstellar plasma, as described in the text.

Article number, page 6 of 16

(ii)

Figure 1.12: (i): Refractive scintillation is caused by large physical scale fluctuations in the density of the ISM. This
scatters the radio waves creating an exponential scattering tail which becomes more prominent as the observing
frequency decreases. The example shown here is the pulse profile of pulsar PSR B1831−03, and a similar effect
is seen in extragalactic FRBs (a nice example can be found in Thornton et al. 2013). Figure from Lorimer & Kramer
(2004). (ii): Diffractive scintillation caused by small physical scale fluctuations in the ISM density, creating a diffraction
pattern due to interference of the radio waves. This is viewed as “scintles”, bright patches in frequency that change on
timescales of seconds to hours. Shown here is the dynamic spectrum over a timescale spanning many pulse rotations of
the pulsar J0814+7429, showing the scintillation pattern. The white horizontal and vertical stripes are data that have
been masked due to the presence of radio frequency interference. Again this effect is sometimes seen in extragalactic
FRBs, for example the bursts presented in Chapter 3 show bright scintles in their dynamic spectra (Figure 3.2). Figure
from Wu et al. (2022).

1.6 Radio observations of fast transients

The FRB sources studied in this thesis, and the majority of the FRB sources in the literature to
date, were all originally discovered via the CHIME/FRB project (CHIME/FRB Collaboration
et al., 2018). The design of the CHIME telescope is four large cylindrical reflectors aligned
North-to-South (Figure 1.13i), each cylinder focuses to a line made up of 256 individual
dual-polarisation receivers which measure the electric field. CHIME is a transit telescope



22 Introduction

1
and has no moving parts. The powerful signal processing does the work: it digitises the
incoming signal and splits it into nchan ∼ 16000 frequency channels between 400MHz and
800MHz, before spatially fast Fourier transforming to create 1024 pointed beams (Ng et al.,
2017). This provides a combined field of view of ∼ 200 square degrees, with a sampling time
of 1ms.

4

chimephoto

Figure 1. Photograph of the CHIME telescope on 15 September, 2016, looking North-West. The shipping
containers housing the X-Engine and CHIME/FRB backend can be seen adjacent to the right-most cylinder.
The receiver huts containing the F-Engine are beneath the reflectors and cannot be seen here. The DRAO
Synthesis Telescope (Kothes et al. 2010) can be seen in the background. See Table 1 for detailed properties
of CHIME.

features are described in §5, and the commissioning status of CHIME/FRB is described in §6. §7
provides an up-to-date estimate of the expected CHIME/FRB event rate, together with a discussion
of the science to be probed by CHIME/FRB data.

In addition to the cosmology experiment and CHIME/FRB, the CHIME telescope will also perform
daily timing observations of known radio pulsars and RRATs using a dedicated, independent back-
end: “CHIME/Pulsar.” Information about this latter effort is described by Ng & CHIME/Pulsar Col-
laboration (2017).

2. THE CHIME TELESCOPE STRUCTURE, FEEDS, AND ANALOG SIGNAL PATH

The CHIME telescope is located on the grounds of the Dominion Radio Astrophysical Observatory
(DRAO) near Penticton, British Columbia. The choice of operating frequency, collecting area, and
angular resolution for the CHIME telescope was driven by the original motivation for the project:
hydrogen intensity mapping of the entire Northern hemisphere to probe the accelerating expansion
of the universe over the redshift range where dark energy began to exert its influence, z = 0.8− 2.5.
Since the BAO signal is weak, and large sky coverage is needed to overcome sample variance,
exceptionally fast mapping speed is required, driving the instrument to a design with many hundreds
of feeds to achieve the mapping goal in a reasonable amount of time. As 100-m class telescopes are
expensive, and no positions on the sky are favored, a transit telescope with no moving parts is the
preferred option. Table 1 provides a summary of the telescope’s key properties. Detailed telescope
performance metrics will be provided in a future publication.

(i)

 

 

coverage ranges from 3 mm to 90 cm. Owing to its large collecting surface, Effelsberg is 
a key element in interferometric arrays.  Apart from enabling cutting-edge research, the 
facility is also an incomparable testbed for new technologies, given its large collecting 
surface, where a single element can be tested in comparison with a multi-element 
interferometer.  

� Six international LOFAR stations are now installed, in Effelsberg, Jülich, Norderstedt, 
Potsdam, Tautenburg, and Unterweilenbach (see Figure 3), coordinated by the German 
Low Wavelength Consortium (GLOW)iii. A LOFAR Long Term Archive (LTA) is operated 
by the FZ Jülich, which grows currently at a rate of 3 PB/yr.  The International LOFAR 
telescope (ILT) has been active since 2013 and offers wavelength coverage from 1.3 m 
to 30 m. Germany is the second biggest contributor to the ILT, which is todays largest 
telescope in the world (both in terms of collecting area and in terms of data rates).  

� An ALMA Regional Centre (ARC) is operated by the Universities Bonn and Cologne. 
ALMA is the Atacama Large Millimeter/submillimeter Array operated by ESO in Chile. 
Details are provided in the section on infrared and submillimetre facilities. 

� Contribution to wider networks, namely:  Effelsberg participates in the EVN (European 
VLBI Network), the High-Sensitivity Array (HSA), the Very Long Baseline Array (VLBA), 
the Global VLBI Network, the Global mm-VLBI Array (GMVA), and the 
European/International Pulsar Timing Arrays (EPTA/IPTA); the GLOW institutes 
participate at the International LOFAR Telescopes; the Argelander-Institut für Astronomie 
participates in the Dutch APERTIF project 

� Geodetic infrastructure using radio astronomy techniques, like the telescopes in Wettzell 
(Bavarian Forest) and O’Higgins (Antartica). 

� Atmospheric and ionospheric research facilities such Kühlungsborn. 
 
 
 

 
Figure 1: The 100-m radio telescope Effelsberg near Bad Münstereifel.  On the top, right, the DE601 
international LOFAR station (Credit: MPIfR) 

 
Germany also participates in other radio astronomy facilities.  The MPIfR has a bilateral 
agreement with JIVE (Joint Institute for VLBI in Europe), which was established in December 
2014 as a European Research Infrastracture Consortium (ERIC).  The MPIfR also 
contributes with a special agreement to the VLBA (to become the Long Baseline Observatory 

(ii)

Figure 1.13: (i): Photograph of the CHIME telescope located at the Dominion Radio Astrophysical Observatory (DRAO)
in Canada. The four cylindrical reflectors are clearly visible, with the containers housing the backend system to search
for FRBs found next to the right-most cylinder. Figure from CHIME/FRB Collaboration et al. (2018). (ii): Photograph
of the 100-m Effelsberg telescope in Germany. Figure from Ros et al. (2018).

Although the design of CHIME (large field of view and wide frequency coverage) was chosen
with the original science goal of mapping the hydrogen intensity at redshifts of z ∼ 0.8 –
2.5 to measure the Universe’s expansion, it also has proven to be an incredible FRB finding
machine, discovering FRBs at a rate of 2–3 daily (CHIME/FRB Collaboration et al., 2021)11.
To search for FRBs, the total intensity signals from each of the sky pointings are analysed
in parallel. This real-time analysis pipeline includes cleaning the data of any terrestrial ra-
dio signals that interfere with the search, shifting the frequency channels with respect to
some reference frequency to correct for dispersion (at various trial DM values), before fi-
nally searching for peaks over a range of possible widths in the frequency-averaged time
series (CHIME/FRB Collaboration et al., 2018). The data products of this initial burst search
pipeline are total intensity only, with 1ms time samples. However, if an FRB is discovered
within 35.5 s of the data being recorded, the voltage data (also referred to as “baseband”
data) from the 1024 dual-polarisation pointings can be saved to disk, providing the op-
portunity to, e.g., extract polarisation information and explore sub-millisecond timescales
(Michilli et al., 2021). Relevant for the work presented in this thesis is the localisation pre-
cision improvement gleaned from this raw data product compared with the total-intensity
search data: from ∼10s of arcminutes to ∼ arcminutes using the phase information of the
voltage data to create pointed beams (Michilli et al., 2021). The field of view of a relatively
large (100-m) radio telescope is ∼ 10 arcminutes at 1.4GHz (using Equation 1.5 with the
telescope diameter instead of b), therefore this localisation improvement is critical for the
burst searches that we conducted with the Effelsberg 100-m radio telescope (Figure 1.13ii).

11https://www.chime-frb.ca/voevents

https://www.chime-frb.ca/voevents


1

23

For FRB sources which are identified to repeat and are localised to within the field-of-view of
Effelsberg, we conducted follow-up observations with Effelsberg as a single-dish, as well as
connecting Effelsberg and many other radio dishes across the world as a very long baseline
interferometer (Figure 1.14): a telescope called the European VLBI Network (EVN).

1.6.1 Effelsberg 100-m radio telescope

The power collected by a radio telescope is proportional to the effective collecting area and
the signal intensity. Therefore, the larger the radio telescope (the more collecting area), the
higher the sensitivity, although aperture efficiency and system temperature also significantly
impact the sensitivity of a radio telescope. The Effelsberg radio telescope in Germany is
one of the largest steerable radio telescopes in the world, and is therefore one of the most
sensitive single-dish radio telescopes.
Effelsberg has a number of receivers with observing frequencies in the wide range from
∼ 300MHz to ∼100GHz. In this thesis, the 7-beam 1.4GHz receiver is used. One of the
unique advantages of Effelsberg for observing FRBs is its suite of high-time-resolution back-
end systems: the PSRIX (Lazarus et al., 2016) which we used until replaced by the Effelsberg
Direct Digitisation backend (EDD). These systems have a “baseband mode”, which records
the high time resolution total intensity search data and simultaneously the voltages mea-
sured in both polarisation hands of the receiver. This is similar to CHIME saving the raw
data products when they detect a burst, however, with Effelsberg we store the raw data for
the entire observation. This provides full polarisation information, as well as an exceptionally
high time resolution of ∼ 1ns.

1.6.2 European VLBI Network

One of the main limitations of single-dish radio telescopes is their angular resolution. As
described above (see Equation 1.5), the angular resolution is inversely proportional to the
aperture diameter. The largest single-dish radio telescope, to date, is the 500-m FAST tele-
scope in China (Nan et al., 2011), with an effective illuminated diameter of 300m. This
results in an angular resolution of ∼ 3 arcminutes at 1.4GHz. For distant FRBs, there could
be 10s to 1000s of galaxies within this field-of-view that could host the FRB source. In or-
der to pinpoint FRBs to their host galaxies, ∼arcsecond precision is required at minimum
(Eftekhari & Berger, 2017). But cost and engineering limit the ability to build bigger single-
dish radio telescopes.
To achieve higher angular resolution, interferometry is used (Ryle & Vonberg, 1946). An
interferometer combines the signals from separate array elements to obtain spatial informa-
tion about the signal, where the resolution is dictated by the maximum separation of the
elements in the array (Equation 1.5). The precision with which a signal can be localised on
the sky is of course proportional to the angular resolution: the higher the angular resolu-
tion, the higher the localisation accuracy. But it also depends on the array configuration,
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Figure 1.14: Map of the EVN telescopes used to create interferometric arrays for the work presented in Chapters 5,
6, 7 and Kirsten et al. (2022). The star marker highlights Effelsberg, which is used as the “burst finder” telescope for
interferometric work since it is one of the most sensitive telescopes in the EVN.

total time integrated and quality of the calibration12. Additionally, the localisation precision
is also proportional to the signal-to-noise ratio of the signal: i.e. brighter signals can be lo-
calised more accurately. There are limitations to this, arising from the uncertainties on the
positions of calibrator sources, as well as the shape and size of the source.
VLBI is interferometry using array elements distributed globally, with separations of 100s-
to-1000s of kilometres. The EVN is a global network of radio telescopes, whose data are
correlated at the Joint Institute for VLBI ERIC (JIVE) in the Netherlands to achieve extremely
high spatial resolution images of the radio sky. We use the EVN in Chapters 5, 6 and 7 of this
thesis (Figure 1.14) to pinpoint FRBs on the sky tomilliarcsecond precision, as well as to study
a persistent radio source with observational properties similar to the persistent radio source
associated with FRB 20121102A (see §1.2.1). With milliarcsecond precision, not only can
we identify the host galaxy of an FRB, but we can probe ∼pc scales around the FRB giving
valuable clues about the FRB’s local environment.

12The spatial frequencies you are sampling with an interferometer is called the uv-coverage, and depends on the array
configuration, radio observing frequency and source position. Allowing the Earth to rotate with time, i.e. allowing
the projected array configuration to rotate, adds to the uv-coverage. Generally, the more “filled” your uv-coverage
is, the better your final interferometric image will be.
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1.7 Thesis summary

This thesis is focused on exploring the nature of FRB emission by studying the burst proper-
ties and local environments in detail. The main science questions considered are:

• What types of astrophysical objects are capable of producing fast radio transients?
• Are repeating and non-repeating FRBs coming from the same type of sources, but with

varying levels of activity?
• Are all repeating FRBs the same type of object?
• What is the physical mechanism behind the FRB emission?

The thesis is divided into two parts. The first, “Zooming-in in time”, details work using
extremely high time resolution (from 30ns to µs) single-dish Effelsberg observations (see
§1.6.1) of repeating FRB sources. In the second, “Zooming-in in space”, we use the EVN (see
§1.6.2) to pinpoint repeating FRBs to milliarcsecond precision, identifying their host galax-
ies, probing their immediate surroundings and we study a radio transient with a potential
link to FRBs on spatial scales of ∼ pc.

Zooming-in in time

In Chapter 2 we probe 1.4GHz FRB 20180916B (§1.2.2) burst properties down to microsec-
ond timescales using raw voltage data recorded with the 100-m Effelsberg telescope. We
show that the bursts exhibit a range of timescales from milliseconds down to 3–4µs (Fig-
ure 2.1). These short timescales cast doubt on the non-magnetospheric emission models
(§1.4), since they imply a small emission region (∼km ignoring relativistic effects). Follow-
ing Beniamini & Kumar (2020), the minimum observable timescale is

δt = rϵ
2

2cγ
2 , (1.9)

which gives δt ∼ 10µs for radial distance r = 105 km, radiative efficiency ϵ = 0.1 and
Lorentz factor γ = 10 (Kumar et al., 2017). Therefore, the microsecond burst structure we
observed is most naturally explained in magnetospheric models (radial distance < 105 km).
Additionally, we observe polarimetric properties akin to that of FRB 20121102A, but differing
from the general non-repeater polarimetric properties, suggesting that repeating FRBs could
have a characteristic polarimetric description. Specifically, FRB 20180916B bursts at 1.4GHz
are ∼ 100% linearly polarised, and ∼ 0% circularly polarised, with a constant polarisation
angle during and between bursts (Figure 2.5).
Diffractive scintillation in the Milky Way ISM causes scatter broadening on a timescale of
∼ 2.7µs at 1.4GHz along the line-of-sight to FRB 20180916B. This means that we are un-
able to probe timescales shorter than a few microseconds in the case of FRB 20180916B at
1.4GHz. FRB 20200120E, however, is at much higher Galactic latitude than FRB 20180916B,
meaning that the path through the Milky Way is “cleaner” and does not induce as large a
scatter broadening effect on bursts from FRB 20200120E (Figure 3.6). In Chapter 3 we ex-
ploit this fact and probe down to timescales of tens of nanoseconds. Typically the bursts have
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durations of 100µs, which is exceptionally narrow compared with other repeating FRBs. In
one burst we see strong micro-structure which resolves down to 60ns isolated shots of emis-
sion (Figure 3.1), analogous to the “micro-bursts” and “nano-shots” phenomenology seen
from Crab pulsar giant pulses (Hankins & Eilek, 2007). The observed 60ns timescales fur-
ther constrain the size of the emission region to be on the order of 10m (ignoring relativistic
effects). Not only are the timescales generally shorter than typical for FRBs, but we find the
luminosities to be a few orders-of-magnitude lower than the weakest FRBs (and even 1–2
orders of magnitude weaker than the FRB-like burst from SGR 1935+2154; see §1.2.4).
The range of timescales and luminosities we measure from FRB 20200120E is bridging the
gap in the transient phase space between Galactic neutron stars and extragalactic FRBs
(Figure 1.2). In this work, we are probing a relatively unexplored parameter space in the
extremely short-duration (ns–µs), high-luminosity regime. This highlights that potentially
there are ultra-fast transients populating this parameter space that current FRB searches are
insensitive to.
In addition to FRB 20200120E exhibiting atypically narrow burst durations and low lumi-
nosities, FRB 20200120E lives in a nearby globular cluster (in M81, with distance 3.63Mpc;
Kirsten et al. 2022), which is in stark contrast to the other well-localised repeating FRBs
found in relative proximity to star-formation (see §1.2). However, we show in Chapter 3 that
the bursts exhibit polarimetric properties which match the characteristic description for re-
peating FRBs described in Chapter 2. Furthermore, in Chapter 4 we present the first-detected
“burst storm” (53 bursts discovered in a 40minute time window) from FRB 20200120E, re-
sembling the activity behaviour of other repeating FRBs (Figure 4.12). With a large burst
sample, we also show that the burst energy distribution is consistent with a power law (with
index −2.39 ± 0.12; Figure 4.16), the time between consecutive bursts follow a bi-modal
distribution (Figure 4.13), and there is no underlying periodicity in the burst arrival times,
all characteristic of repeating FRBs. Whether FRB 20200120E is the same type of object as
these other highly active repeating FRBs is still up for discussion, but Chapters 3 and 4 high-
light the importance of FRB 20200120E and other local Universe (< 100Mpc) sources of
fast radio transients to bridge our knowledge from Galactic sources to the extremely distant
FRBs.

Zooming-in in space

As mentioned in §1.6.2, the localisation precision with VLBI depends on the maximum sepa-
ration of array elements, as well as the array configuration (number and orientation of array
elements), time on source, the source’s signal-to-noise ratio and howwell calibrated the data
is. FRBs, however, are ∼millisecond-duration transients, which is essentially a “snapshot” in
VLBI (no time integration). The advantage of repeating FRBs is that they produce multiple
bursts, so combining the data from multiple bursts improves the localisation accuracy (es-
pecially if they are separated by sufficient time such that the Earth has rotated causing the
projected array configuration to significantly change)13.
13Though with a large number of telescopes, optimally oriented, and good calibration, even single bursts can be

localised to milliarcsecond precision using VLBI.
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Due to the extremely high activity of FRB 20201124A (§1.2.3), we detected a total of 18
bursts during our VLBI campaign, at two separate observing epochs (Chapter 5). Using the
full sample we determined the FRB position to 2.7mas accuracy (1 σ). Having such a large
burst sample provided the opportunity to explore the astrometric accuracy as a function
of burst brightness and number of telescopes, while having detections at multiple epochs
allowed for an independent calibration to limit any systematic calibration uncertainties on
the final FRB position. We find that for ≥ 7 array elements, single bursts can be localised
to milliarcsecond precision, and that this drops to 0.1–1 arcsecond precision for 4 array ele-
ments. This is promising given that arcsecond localisation precision is sufficient to identify
the FRB’s host galaxy, while increasing to milliarcsecond precision will strongly constrain
the local environment properties.
With the 2.7mas localisation precision (Figure 5.2), we find that FRB 20201124A is em-
bedded in a star-forming region (Piro et al., 2021) in a massive star-forming galaxy at a
redshift of z= 0.0979 ± 0.0001 (Fong et al., 2021; Ravi et al., 2022). It is interesting to con-
sider whether FRB 20201124A’s high bursting activity (compared with other repeaters) is
related to its close proximity to active star formation. FRB 20121102A (§1.2.1) is also living
within a star-forming region (Bassa et al., 2017) and has relatively high bursting activity
(Li et al., 2021). The notable difference between FRB 20121102A and FRB 20201124A is
that the former has a compact persistent radio counterpart, while we show in Chapter 5 that
FRB 20201124A does not, down to a limit of 25µJy beam−1 (a factor of ∼ 60 times weaker
than the radio counterpart to FRB 20121102A; Figure 5.2). This work further establishes
the fact that repeating FRBs live in a diversity of host galaxy types and local environments,
a fact first established by the work presented in Chapter 6.
In Chapter 6 we precisely localise FRB 20180916B to a massive (stellar mass 1010 M⊙) Milky
Way-like spiral galaxy using the EVN (Figure 6.5). Not only does this host galaxy highlight
that the low-metallicity dwarf galaxy origin of FRB 20121102A is not a requirement for a
repeating FRB, but the lack of a comparably bright persistent radio source, and relatively
low RM, shows that their environments differ greatly. Using the 8-m Gemini-North telescope,
we determine a spectroscopic redshift of FRB 20180916B’s host galaxy, z = 0.0337±0.0002
(luminosity distance 149.0 ± 0.9Mpc), which, at the time of publication, was by far the
closest FRB known (compared with the typical ∼Gpc FRB distances). Additionally, using
Gemini-North, we determine that FRB 20180916B is living at the apex of a “v-shaped” star-
forming region14. This work shows that FRBs live in a diverse range of host galaxy types and
local environments. Perhaps this could mean that different types of astrophysical objects can
produce FRBs, or that a single FRB progenitor can live in many different environments.
Although Chapter 6 shows that not all repeating FRBs have luminous persistent radio sources,
a second repeating FRB, FRB 20190520B, was foundwith a persistent radio counterpart, and
other strikingly similar qualities to FRB 20121102A (§1.2.1; Niu et al. 2021). This highlights
that FRB 20121102A is not a red herring, but instead that some repeating FRBs are associ-
ated with a persistent radio counterpart. As discussed in §1.2.1, the nature of the persistent
14By increasing the spatial resolution in optical follow-up using the Hubble Space Telescope, Tendulkar et al. (2021)

show that FRB 20180916B is offset from the peak of a nearby star-forming knot by ∼ 250 pc (Figure 1.7).
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emission is not yet understood, nor is the relationship between the FRB source and the per-
sistent emission. Law et al. (2022) predict that as much as 1% of the compact radio sources
in the local Universe could be these FRB persistent radio sources. In Chapter 7, we study a
radio source, FIRST J141918.9+394036, sharing properties with the persistent radio coun-
terpart of FRB 20121102A: specifically, host galaxy type, proximity to star-formation and
luminosity (Ofek, 2017). Using the EVN, we measure the radio source to be 1.6 ± 0.3 pc
in extent (Figure 7.2), which implies an expansion velocity of (0.10 ± 0.02)c, assuming an
explosion date in 1993 (from the first reported detection of FIRST J141918.9+394036; Law
et al. 2018b). The slowly-decaying nature of the radio source, mildly relativistic expansion
and lack of detected radio bursts in high-time-resolution observations (using both the 100-
m Effelsberg telescope and the 110-m Green Bank Telescope) supports the hypothesis that
FIRST J141918.9+394036 is related to jet expansion from a long gamma-ray burst, and
disfavours the competing model of a magnetar wind nebula. Nonetheless, there is evidence
for magnetar creation in some long gamma-ray bursts (Stratta et al., 2018), so perhaps ra-
dio bursts can be detected from FIRST J141918.9+394036 with sufficient follow-up time
and sensitivity. The behaviour of the longer-lived radio emission (expanding in size, and
decaying in luminosity), however, points at a fundamentally different origin from the FRB
persistent radio emission (Plavin et al., 2022).
In this thesis we show that FRBs come in a variety of “shapes and sizes” in their timescales,
luminosities and local environments. This diversity must be accommodated for in the pro-
genitor and emission models of fast radio transients.
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Abstract

Fast radio bursts (FRBs) are bright, coherent, short-duration radio transients of as-yet un-
known extragalactic origin. FRBs exhibit a variety of spectral, temporal and polarimetric
properties, which can unveil clues into their emission physics and propagation effects in
the local medium. Here we present the high-time-resolution (down to 1µs) polarimetric
properties of four 1.7-GHz bursts from the repeating FRB 20180916B, which were detected
in voltage data during observations with the European VLBI Network (EVN). We observe a
range of emission timescales spanning three orders of magnitude, with the shortest compo-
nent width reaching 3–4µs (below which we are limited by scattering). This is the shortest
timescale measured in any FRB, to date. We demonstrate that all four bursts are highly
linearly polarised (≳ 80%), show no evidence for significant circular polarisation (≲ 15%),
and exhibit a constant polarisation position angle (PPA) during and between bursts. On short
timescales (≲ 100µs), however, there appear to be subtle (few degree) PPA variations across
the burst profiles. These observational results are most naturally explained in an FRB model
where the emission is magnetospheric in origin, as opposed to models where the emission
originates at larger distances in a relativistic shock.
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2.1 Introduction

Many FRBs (Petroff et al., 2019; Cordes & Chatterjee, 2019) show complex burst morphology
and, to date, both repeaters and apparent non-repeaters have shown temporal structure,
‘sub-bursts’, as short as 20–30µs (Farah et al., 2018; Michilli et al., 2018b; Cho et al., 2020).
Probing shorter timescales is a powerful way to constrain emission models because of the
limits that such temporal structures place on the instantaneous size of the emitting region:
1µs corresponds to 300m, though special relativistic effects cause the light-travel size to be
smaller than the actual size.
Voltage data allow access to such timescales, but several practical challenges remain: e.g.,
scattering due to multi-path propagation can limit the effective time resolution (especially
at low radio frequencies); the signal-to-noise (S/N) on short timescales may be too low;
there may be limitations on the precision with which the dispersion measure (DM) can be
determined, such that it is impossible to ensure that the DM smearing is less than the time
resolution; and, if the bursts are composed of a forest of closely spaced (sub-)µs sub-bursts,
then confusionmay limit our ability to identify individual structures. For example, in the case
of FRB20181112A (Cho et al., 2020), the effective time resolution is limited by scattering,
despite available voltage data.
Ultra-high-time-resolution studies are more powerful if they include full polarisation infor-
mation. In general, FRBs show a variety of polarimetric properties. FRBs have been observed
to exhibit linear polarisation fractions from 0% to 100% (e.g. Masui et al. 2015; Michilli et al.
2018b; Caleb et al. 2018; Day et al. 2020). Some FRBs show significant circular polarisation
(Petroff et al., 2015), thoughmost so far show very little (Ravi et al., 2016; Caleb et al., 2018).
Some sources show a flat PPA across the burst profile (Michilli et al., 2018b; CHIME/FRB
Collaboration et al., 2019c; Day et al., 2020), whereas others show a PPA variation (Masui
et al., 2015; Luo et al., 2020).
Both FRB20121102A, the first discovered repeating FRB (Spitler et al., 2014, 2016), and the
repeating FRB20190711A (Day et al., 2020; Kumar et al., 2021), show remarkably similar
polarisation properties. FRB20121102A bursts (in the frequency range 4–8GHz; Gajjar et al.
2018;Michilli et al. 2018b) and FRB20190711A bursts (detected at 1.3GHz; Day et al. 2020;
Kumar et al. 2021) are highly linearly polarised (approximately 80–100%), show no sign
of circular polarisation, and exhibit a flat PPA across the burst profile. For FRB20121102A,
the absolute PPA value is approximately equal between bursts (Michilli et al., 2018b). In
contrast, bursts from the repeating FRB180301 (detected at 1.25GHz; Luo et al. 2020),
exhibit lower linear polarisation fractions (approximately 30–80%), and some bursts show
a PPA swing across the burst profile.
The only other repeating FRBwith published polarisation information frommultiple bursts is
FRB 20180916B (CHIME/FRB Collaboration et al., 2019c; Chawla et al., 2020). Bursts from
FRB 20180916B, measured at both 600MHz (CHIME/FRB Collaboration et al., 2019c) and
350MHz (Chawla et al., 2020), exhibit approximately 100% linear polarisation, show no
evidence for circular polarisation, and show a flat PPA over the burst duration. This is consis-
tent with observations of FRB20121102A and FRB20190711A. The polarisation properties
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of FRB 20180916B, measured at 110–188MHz, are similar to those at higher frequencies,
but also show significant depolarisation down to lowest observed frequencies (Pleunis et al.,
2021b). This is likely the result of scattering, though investigation into whether this is due
to Faraday conversion (Gruzinov & Levin, 2019; Vedantham & Ravi, 2019) is underway
(Pleunis et al., 2021b). FRB 20180916B’s polarimetric properties have not previously been
investigated at radio frequencies > 1GHz, where most FRB20121102A studies have been
conducted, and previous studies have been limited by the temporal resolution of the data.
Here we present an analysis of four FRB 20180916B bursts whose spectro-temporal prop-
erties were previously presented (Marcote et al., 2020). In the present work, we provide a
higher-time-resolution, full polarimetric analysis of this sample. Throughout this paper we
use the nomenclature Bn for the bursts, following Marcote et al. (2020). Additionally, we
introduce the nomenclature B4-sbn for the three clear sub-bursts in burst B4. In §2.2 we
describe the data, in §2.3 we present the high-time-resolution and polarimetry results, and
thereafter discuss the consequences for our understanding of repeating FRBs in §2.4.

2.2 The data

The data were acquired as part of an EVN campaign on 2019 June 19 (experiment code:
EM135C) at a central radio frequency of 1.7GHz. Using SFXC (Keimpema et al., 2015), we
created two data products. Firstly, we converted the voltage data from the 100-m Effels-
berg telescope into full-polarisation (circular basis) filterbank data with time and frequency
resolutions of 1µs and 0.5 MHz, respectively. Secondly, we produced full-polarisation filter-
bank data with time and frequency resolutions of 16µs and 62.5 kHz, respectively. The data
were coherently dedispersed to a dispersion measure (DM) of 348.76 pc cm−3, which is the
best-fit DM that maximises S/N for burst B4 at 16µs time resolution (Marcote et al., 2020).
Using PSRCHIVE (van Straten & Bailes, 2011), we created archive files containing each
burst from the filterbank files at the native time and frequency resolution. The archive files
are incoherently dedispersed to a refined DM using the 1µs data (see Methods §2.5). We
manually mask frequency channels that are contaminated by radio frequency interference
(RFI), and artefacts at the sub-band edges.

2.3 Results

In our previous characterisation of these bursts (Marcote et al., 2020), we found that B3
and B4 show several sub-bursts with widths ranging from 60–700µs. Here, we probe order-
of-magnitude shorter timescales by studying the burst temporal properties at higher time
resolution. Additionally, we study the bursts’ full polarisation properties.

2.3.1 High time resolution

In Figure 2.1, we present the four FRB 20180916B burst profiles at both 16µs and 1µs
resolution. In the case of bursts B1 and B2, the increase in time resolution does not reveal
any shorter-timescale structure, and the burst widths are consistent with those measured
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Figure 2.1: Burst profiles at 16µs and 1µs time resolution for four 1.7GHz bursts from FRB 20180916B. The burst
name (B1–B4) and time resolution used for plotting is shown in the top right of each panel. Bursts B3 and B4 show
complex temporal structure. Panels i and j are zoomed-in 1µs resolution data around the B3 burst components high-
lighted by the orange and purple bars in panel g, respectively. Similarly for burst B4, panels k and l are zoomed-in 1µs
resolution data around the B4 burst components highlighted by the orange and purple bars in panel h, respectively.
Overplotted on panels j, k and l is a smoothed profile using a Blackman window function with a window length of 19
bins.
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Table 2.1: Results of power spectrum fitting
Burst Power law slope (α) Goodness of fit p-valuea Posterior predictive p-valueb Residual outlier p-valuec

B4-sb2 1.58±0.02 0.44 0.44 0.37
B3 1.38±0.01 0.33 0.74 0.06
aGoodness of fit of the power law red noise model described by Equation 2.2.
bModel comparison of power law red noise model, versus a power law plus Lorentzian (to describe a
quasi-periodic oscillation). See text for details.

cp-value of the highest outlier in the residuals of the power spectrum divided by the best fit power law slope.

previously (1.86±0.13ms and 0.24±0.02ms for B1 and B2, respectively; Marcote et al.
2020). Bursts B3 and B4 show structure in the 16µs resolution data. By increasing the time
resolution to 1µs, we see clear 10–20µs structure in burst B4 (panel k, Figure 2.1), and
the bright component of B4 does not appear to be a simple Gaussian envelope; instead, it
exhibits 10–20µs fluctuations on the broader envelope (panel l, Figure 2.1). B3 exhibits
50–100µs components (panel j, Figure 2.1), and even components that are a few µs wide
(panel i, Figure 2.1). We note that the two 3–4µs components shown in panel i, Figure 2.1,
are detected across our 128MHz band. The 3–4µs shots of emission are consistent with the
estimated Galactic scattering time (2.7µs; Marcote et al. 2020) for FRB 20180916B.
In addition to B4-sb2’s 10–20µs structure (panel l, Figure 2.1), there also appear to be nar-
rower spikes on top of the burst envelope. We fit the burst envelope and remove it from the
data, in order to test the statistical significance of any outliers (see Methods §2.5). We find
no significant outliers in this burst, implying that the narrow features are consistent with
amplitude-modulated noise (Figure 2.2). This is further supported by our measurement of
a S/N-weighted correlation coefficient <0.2 (panel f; Figure 2.2), where we would expect a
value of 1/3 if each time bin is perfectly correlated (and the scattering time is greater than
the bursts’ separation; Cordes et al. 2004). Due to the large scatter, we cannot distinguish
between a constant or slightly decreasing correlation coefficient as a function of lag. Thus,
based on the data in hand, we can rule out that B4 is comprised of a few well-separated
bright (sub-)µs shots of emission.
By eye, B4-sb1 (panel k, Figure 2.1) appears to fluctuate quasi-periodically. There are other
examples of FRBs showing this diffraction-pattern-like temporal behaviour (Hessels et al.,
2019), which potentially can be explained by self-modulation breaking the burst into ‘pan-
cakes’ (Sobacchi et al., 2021), or by plasma lensing (Cordes et al., 2017). To test this, we
computed the autocorrelation function (ACF; using Equation 1 in Marcote et al. (2020),
but considering time lag instead of frequency lag), and the power spectrum (see Methods
§2.5 and Figure 2.3). We find no statistically significant evidence for quasi-periodic emis-
sion in the power spectrum of B4-sb1 or B3 (see Table 2.1). We conclude that bursts B4-
sb1 and B3 are consistent with red noise, with a power-law index of α =1.58±0.02 and
α =1.38±0.01, respectively. Typically, magnetar X-ray bursts show steeper red noise spec-
tra (α ≈2–5; Huppenkothen et al. 2013).
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Figure 2.2: Microsecond structure in B4-sb2 consistent with amplitude-modulated noise. Stokes I burst profile of the
bright component of burst B4 (B4-sb2) sampled at 1µs resolution (panel a). The inset of panel a shows the profile of
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2

2.3.2 Polarimetry

As described in §2.5, the polarimetric data were calibrated using the test pulsar
PSRB2111+46 (Figure 2.4).
For the highest-S/N burst in our sample, B4, we measure the rotation measure (RM) to be
−104 ± 20 radm−2 (see Methods §2.5), where the large fractional error arises due to covari-
ances between the Q-U fit parameters and instrumental delay between the two polarisation
channels, which is not independently constrained. We find the RM to be consistent with
previous measurements (CHIME/FRB Collaboration et al., 2019c; Chawla et al., 2020).
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Extended Data Figure 2: Before and after calibrating the polarisation data of PSR B2111+46. The average
polarisation profiles (panels b and d) and polarisation position angle (panels a and c) of PSR B2111+46.
Black represents the Stokes I profile, red is the unbiased linear polarisation profile (defined in Everett &
Weisberg 30 , and rewritten here in Equation 1), and blue is the circular polarisation (Stokes V) profile. Pan-
els a and b show the polarisation profile and position angle after Faraday-correcting to the true rotation
measure79 of PSR B2111+46 (−218.7 rad m−2); here we are not correcting for the instrumental delay be-
tween polarisation hands. Panels c and d are Faraday-corrected with the rotation measure determined using
the PSRCHIVE tool rmfit, which, in essence, accounts for the instrumental delay. For comparison, we
plot the profile and position angle from the literature using more transparent colours80. This illustrates the
calibration we applied to the bursts from FRB 20180916B.

Figure 2.4: Before and after calibrating the polarisation data of PSRB2111+46. The average polarisation profiles (pan-
els b and d) and polarisation position angle (panels a and c) of PSRB2111+46. Black represents the Stokes I profile,
red is the unbiased linear polarisation profile (defined in Everett &Weisberg (2001), and rewritten here in Equation 1),
and blue is the circular polarisation (Stokes V) profile. Panels a and b show the polarisation profile and position angle
after Faraday-correcting to the true rotation measure (Force et al., 2015) of PSRB2111+46 (−218.7 rad m−2); here
we are not correcting for the instrumental delay between polarisation hands. Panels c and d are Faraday-corrected
with the rotation measure determined using the PSRCHIVE tool rmfit, which, in essence, accounts for the instrumen-
tal delay. For comparison, we plot the profile and position angle from the literature using more transparent colours
(Gould & Lyne, 1998). This illustrates the calibration we applied to the bursts from FRB 20180916B.

Figure 2.5 shows the Faraday-derotated profiles for the four FRB 20180916B bursts. We
use the rmfit-determined RM for B4 (see Methods §2.5) to correct all four bursts, since B4
has the highest S/N, and we assume the RM does not change between bursts separated
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Figure 2.5: Polarimetric burst profiles and PPAs for four 1.7GHz bursts from FRB 20180916B. Polarimetric profiles
(lower panels of each sub-figure) and PPAs (top panels of each sub-figure). In the bottom panels, the total intensity
(Stokes I) profile is shown in black, the unbiased linear polarisation (Equation 2.1) is shown in red, and circular
polarisation (Stokes V) is shown in blue. For B1, B2 and B3, we plot 8 ms around the burst, and for B4 we plot 4 ms.
The time is referenced to themean of the Gaussian fit to the burst envelope discussed inMarcote et al. (2020). The inset
in panel h shows a zoom-in on the profile at the leading edge, highlighting a narrow, approximately 30µs, spike, also
highlighted by the green arrow. The top left of each lower panel shows the burst name, Bn, used to define the bursts in
this work (ordered according to their arrival time), and the time resolution used for plotting. Also shown in the lower
panels are the Gaussian full-width at half-maximum (FWHM) of each burst illustrated by the dark cyan bar. The light
cyan bar represents the 2-σ region. Bursts B3 and B4 show multiple sub-bursts indicated by the orange, purple and
green bars in panels f and h (the FWHM is shown in the dark colour, and the 2-σ region shown in the lighter colour).
For burst B4, we also show dotted lines indicating the extent of the three sub-bursts: B4-sb1 (orange), B4-sb2 (purple)
and B4-sb3 (green). The top panel shows the PPA, defined as PPA = 0.5 tan−1 (U/Q). The greyscale represents
the probability distribution of the PPA following Everett & Weisberg (2001), the darker shading representing higher
polarised S/N. The PPA has been shifted by the best-fit flat PPA of the four bursts, weighted by their unbiased linear
polarisation S/N. Thus, the weighted PPA of the four bursts is set to zero, as is illustrated by the green line. The shaded
region of the profile of B3 and B4 highlights the timescale plotted in Figure 2.6 for each burst.
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by approximately 4 hours. We plot the unbiased linear polarisation, Lunbias, profile in red,
following Everett & Weisberg (2001), where

Lunbias =

σI

√(
Lmeas

σI

)2

− 1, ifLmeas
σI

≥ 1.57

0, otherwise
(2.1)

where Lmeas =
√

Q
2 + U

2, and σI is the standard deviation in the off-burst Stokes I data.
The PPA, corrected for parallactic angle variations (see Methods §2.5), is shown in the top
panel of each sub-figure in Figure 2.5. We performed a least-squares fit of a horizontal line to
the PPA of the four bursts together, weighted by their 1-σ errors. Note that for all PPA fits, we
consider only additive noise in the determination of the variance. The weighted χ

2-statistic
for this global fit is 175.5, with 125 degrees of freedom. We have shifted the absolute value
of the PPA by this best-fit value, −89.2◦. We note that, due to imperfect calibration, this
value is not the absolute PPA and should not be used for comparison with bursts from other
FRB 20180916B studies. We performed individual least-square fits for each burst (Table 2.2).
For the fits, we only included PPAs within the Gaussian-fit 2-σ temporal width region (illus-
trated by the light cyan bars shown in Figure 2.5) that also satisfied Lunbias/σI > 3. We find
that the PPAs of the four bursts are consistent with being constant across the burst duration.
We do, however, see slight PPA variations between burst components (most evident in B1
and B3).
We find that all four bursts are highly linearly polarised (> 80%), and show no evidence
for circular polarisation (< 15%; Table 2.2). Additionally, the PPAs are consistent with be-
ing flat across the burst duration, with the absolute PPA within approximately 7◦ between
bursts. The second spike in B3’s profile (orange bar in Figure 2.5) appears to have a lower
linear polarisation fraction than the rest of the burst. We see that the observed linear polar-
isation fraction increases when viewed in the 1µs data (Figure 2.6). As shown in §3.1, this
component is only a few µs wide (Figure 2.1). Therefore, the low polarisation fraction in the
16µs data can be attributed to this component being unresolved. This highlights another
importance of studying the burst properties at high time resolution.
In addition, we show B4-sb2’s PPA and polarisation profile at 1µs resolution in the lower sub-
figure of Figure 2.6. At this resolution, there are small (few degrees) variations in the PPA
across this bright burst component. To test the significance of these variations, we performed
a weighted least-squares fit of a flat PPA to the 1µs resolution PPAs across the bright burst
component of B4. Themeasured reduced-χ2 of this fit is 3.7, comparedwith a reduced-χ2 ≈1
for the 16µs resolution data. Thus, the variations are significant.

2.4 Discussion

Neutron stars are prodigious generators of short-duration radio bursts, including canoni-
cal radio pulsar emission (Lorimer & Kramer, 2004), giant pulses (Hankins et al., 2003;
Hankins & Eilek, 2007), and radio pulses from magnetars (Camilo et al., 2006). The Crab
pulsar shows various emission features at different radio frequencies (Hankins et al., 2015),
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Figure 2.6: Microsecond resolution burst polarisation profiles and PPAs for B3 and B4. Polarisation profiles (panels b
and d) and polarisation position angle (PPA; panels a and c) of burst components of B3 (top figure) and B4 (bottom
figure), plotted at 1µs time resolution. The shaded regions of the burst profiles shown in Figure 2.5 highlight the
timescales plotted here. On the right of the bottom panels, the off burst standard deviation is shown. As is also done
in Figure 2.5, the PPA has been shifted by the best-fit flat PPA of the four bursts weighted by their S/N. The weighted
PPA of the four bursts is thus set to zero, as illustrated by the green line.
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Table 2.2: Burst polarisation properties and polarisation position angle fit results.
Burst MJDa Fluence [Jy ms]a,b S/N a Lunbiased/I [%]c,d,e V/I [%]d,e PPA offset [deg]d

χ
2 Degrees of freedom

B1 58653.0961366466 0.72 9.87 112 ± 14 −1 ± 12 −2.96 49.7 25
B2 58653.1112573504 0.20 9.61 88 ± 20 −4 ± 20 −5.85 0.91 2
B3 58653.1465969404 0.62 9.78 99 ± 14 −15 ± 14 0.30 25.55 14
B4 58653.2785078914 2.53 65.42 103 ± 4 5 ± 4 0.02 92.83 81
B4-sb2 (1µs) - - - - - −0.50 445.77 121
aFor details on the determination of these values see Marcote et al. (2020)
bA conservative fractional error of 30% is taken for the derived fluences.
cRemoving the baseline can result in the condition I2 ≥ Q2 + U2 + V2 not being satisified,

which can lead to apparent linear polarisation fractions > 100%.
dThe fractional polarisations and PPA values are measured over the Gaussian-fit 2-σ region of the burst profile,
eThe quoted uncertainties are statistical 2-σ errors assuming the errors in the Stokes parameters are independent of each other,

and the errors in the time bins are independent of each other.
The uncertainties do not contain the calibration uncertainty nor do they encapsulate the effect of removing the baseline.

each with their own characteristic spectro-tempo-polarimetric properties (Hankins et al.,
2016). Hessels et al. (2019) commented on the similar phenomenology seen when com-
paring FRB20121102A with the high-frequency interpulses (HFIPs) produced by the Crab
pulsar. Like FRB20121102A and FRB 20180916B, the Crab pulsar HFIPs typically show
high (approximately 80–90%) linear polarisation, weak (approximately 10–20%) or unde-
tectable circular polarisation, and non-varying PPA within and between bursts (Hankins
et al., 2016). Since HFIPs are observed to be highly polarised, this implies that the emission
region is spatially localised (Hankins et al. 2016, as opposed to coming from an extended
region from the neutron star surface to the light cylinder, which would lead to depolarisa-
tion; Dyks et al. 2004). Additionally, the flat PPAs between HFIPs suggest that the magnetic
field direction is stable during each observational epoch. However, there are examples of
HFIPs that deviate from this, either showing significant circular polarisation, weaker linear
polarisation and/or a significant PPA variation across the burst profile (Hankins et al., 2016).
Simply comparing phenomenology with the Crab pulsar ignores the fact that
FRB 20180916B and other repeaters produce bursts that are orders-of-magnitude
longer duration and higher luminosity. Indeed, Lyutikov (2017) argue that the established
extragalactic distances of FRBs preclude rotational energy and support magnetic energy as
the power source for the bursts. Many theories have invoked a magnetar central engine
(see Platts et al. 2019 for a catalogue of FRB theories). The recent discovery of an excep-
tionally bright (kJy–MJy) millisecond-duration radio burst from the Galactic magnetar
SGR1935+2154 adds compelling evidence for such a scenario (CHIME/FRB Collaboration
et al., 2020; Bochenek et al., 2020). SGR 1935+2154 has been observed to produce
sporadic radio bursts spanning more than 7 orders-of-magnitude in fluence (Kirsten et al.,
2021b), though it is unclear whether these all arise from the same physical mechanism.
Magnetar FRBmodels come in various flavours. First, there is debate about whether the radio
burst emission originates within or close to the magnetosphere (e.g. Kumar et al., 2017),
or whether it is generated in a relativistic shock produced by an explosive energy release
from the central engine (e.g. Metzger et al., 2019). Secondly, one can consider whether
the magnetar is isolated, or whether an external plasma stream stimulates its activity (e.g.
Zhang, 2018a).
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As with pulsars, the polarimetric properties of magnetar radio bursts show diversity (Kramer
et al., 2007; Lower et al., 2020). Nonetheless, high (> 80%) linear polarisation fractions are
common (Kaspi & Beloborodov, 2017), though not ubiquitous (Kramer et al., 2007; Kirsten
et al., 2021b).
The high linear polarisation observed for FRB 20180916B is expected in both magneto-
spheric magnetar models (Lu et al., 2019) and synchrotron maser shock models (e.g. Met-
zger et al., 2019). The magnetospheric model described in Lu et al. (2019) additionally
predicts small PPA variations between bursts from a repeating FRB, with the burst-to-burst
variability following the magnetar’s rotation period. Relativistic shock models, where the
FRB emission originates much farther from the magnetar, naturally predict constant PPA
within and between bursts (e.g. Metzger et al., 2019). However, small variations can be
explained by invoking clumpiness in the medium into which the shock front propagates, or
could alternatively come from the maser emission itself.
In this work, we observe the shortest-timescale structure seen in any FRB to date (3 − 4µs),
and see that there is a range of timescales from a few µs to a few ms. In the literature,
there are bursts detected from FRB 20180916B with total envelope widths of up to 6ms
(at 300–800MHz; CHIME/FRB Collaboration et al. 2019c; Chawla et al. 2020). Note that
there are larger burst widths reported at 110–188MHz (Pleunis et al., 2021b), but at these
low frequencies, scattering dominates. Note, there appears to be a frequency dependence on
burst width, therefore comparison of temporal structure across different frequencies should
be done with caution. The observed shortest timescales of a few µs, and range of timescales
have implications for magnetar progenitor FRB models. Assuming a magnetar progenitor,
temporal fluctuations strongly constrain where the emission originates (i.e. within the mag-
netosphere or well outside the magnetosphere). The ratio of fluctuations to total burst dura-
tion, in our case, is approximately 4µs / 2ms=0.002<<1, which is most naturally explained
by invoking emission originating within the magnetosphere (Beniamini et al., 2020). The
short-timescale structure observed in FRB 20180916B implies that the emission region is on
the order of 1 km. In the case of FRB emission originating from a relativistic shock at large
distances from the magnetar, this implies a very small area of the total shock front domi-
nating. Nonetheless, the temporal fluctuations could be explained by invoking clumpiness
in the medium where the shock front propagates or, potentially, propagation effects.
Additionally, we find that the bright component of B4 (B4-sb2) at 1µs resolution exhibits
fluctuations of 10–20µs. We conclude that this sub-burst is not comprised of a few well-
separated, bright (sub-)µs shots of emission, but possibly the envelope is made of many
closely spaced (sub-)µs shots of comparable amplitude. This has been predicted in models of
magnetospheric burst emission to explain the observed flux densities (Cordes & Wasserman,
2016).
The consistent PPA between bursts from FRB 20180916B has direct implications regarding
the precessing neutron star models (Zanazzi & Lai, 2020; Levin et al., 2020) created to ex-
plain the 16.35 day periodicity (Chime/Frb Collaboration et al., 2020). During precession,
the line-of-sight inevitably sweeps across a much larger angular area on the neutron star sur-
face compared to a non-precessing case. Therefore, the model not only expects PPA variation
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as a function of the rotational phase, but also precession phase. We observe only a small PPA
variation between bursts, which strongly suggests that the emission angle is greatly tilted
from the direction of the magnetic pole in this scenario. Precession is thus disfavoured given
that we require a very specific geometry to explain the constant PPA between bursts (which
is also observed for FRB20121102A; Michilli et al. 2018b).
Based on the observed offset from the nearest star forming regions in the host galaxy, Ten-
dulkar et al. (2021) discuss a model in which FRB 20180916B is a neutron star in an inter-
acting high-mass X-ray binary system. In this scenario, the neutron star magnetosphere is
‘combed’ by the ionised wind of the stellar companion (Ioka & Zhang, 2020), and creates
a magnetic tail and a clear funnel where FRBs can be seen. Low-frequency detections of
FRB 20180916B indicate that the line-of-sight to the neutron star must be relatively clean
(Pleunis et al., 2021b). Our results from microsecond polarimetry of FRB 20180916B are
consistent with the bursts being produced near the neutron star in a magnetic tail. Nonethe-
less, it also remains possible that FRB 20180916B’s observed periodic activity is due to rota-
tion(Beniamini et al., 2020); this case can also accommodate the results we present here.
There is, arguably, a characteristic observational picture emerging for repeating FRBs (for
a detailed comparison of FRB 20180916B with other FRBs, see Methods §2.5). Specifi-
cally, repeaters exhibit the downward drifting, so-called ‘sad-trombone’ effect (Hessels et al.,
2019; CHIME/FRB Collaboration et al., 2019c), and show narrowband burst envelopes
(Gourdji et al., 2019; Pearlman et al., 2020). On average, repeating FRBs exhibit longer-
duration burst profiles (CHIME/FRB Collaboration et al., 2019c). Additionally, the repeaters
FRB20121102A, FRB 20180916B and FRB20190711A show remarkably consistent and
characteristic polarimetric properties (highly linearly polarised, no evidence of circular po-
larisation, and constant PPA during and between bursts). In contrast, when including ap-
parent non-repeaters, the landscape of FRB polarimetric properties is diverse (Caleb et al.,
2018; Day et al., 2020). As with pulsars, FRBs exhibit a range of polarisation fractions and
PPA variations. Repeating FRBs appear to live in a diverse set of host galaxies and local envi-
ronments (Chatterjee et al., 2017; Marcote et al., 2020; Heintz et al., 2020), implying that
these characteristic properties are exclusive to the emission mechanism, rather than effects
from the local medium. In this work, we have supported this characteristic observational pic-
ture of repeating FRBs with our polarisation measurements of FRB 20180916B at 1.7GHz.
We also suggest that the dynamic range of temporal structure of 2ms/4µs=500 could be
another characteristic to add to this overall description of repeating FRBs.
The results presented here highlight the importance of high-time-resolution polarimetric
studies of FRBs. With lower time resolution data, narrow temporal components and subtle
variations in the PPA are averaged out. It is possible that previous flat PPA measurements
from FRB20121102A and FRB 20180916B are a result of this. We encourage future observa-
tions of FRBs with µs time resolution and full polarisation information. We also encourage
searches for quasi-periodic oscillations in individual high-S/N FRBs, like the analysis con-
ducted here. Studying FRBs in such fine detail is crucial for understanding their emission
physics.
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2.5 Methods

First we continue the discussion by comparing FRB 20180916B with other FRBs, and con-
sider a characteristic observational description of repeating FRBs.We then describe themeth-
ods used in this work in more detail.

Is there a characteristic observational description of repeating FRBs?

Our high-time-resolution, polarimetric measurements of FRB 20180916B demonstrate re-
markable phenomenological similarity to FRB20121102A (Michilli et al., 2018b; Gajjar
et al., 2018). Both of these repeating FRBs show 20-30µs sub-bursts (in some high-S/N
bursts, at least), approximately 100% linear polarisation, approximately 0% circular polar-
isation, and a constant PPA during the bursts. Moreover, between 16 bursts found in three
observations spanning 25 days, Michilli et al. (2018b) report consistent PPAs throughout.
Michilli et al. (2018b) fit for a variable RM per day, but a global PPA for all epochs. Gajjar
et al. (2018) quote different average PPAs between bursts, but this is potentially because
they allow the RM to vary between bursts detected within approximately 1 hour. The co-
variance between RM and PPA makes it difficult to distinguish small variations in the former
compared to the latter. Here we find that the PPA of FRB 20180916B is also remarkably
similar between bursts, as shown in Figure 2.5 and Table 2.2.
Comparing our 1.7-GHz measurements with the available 110 − 188MHz (LOFAR; Pleunis
et al., 2021b), 300–400MHz (GBT; Chawla et al., 2020) and 400–800MHz (CHIME/FRB;
CHIME/FRB Collaboration et al., 2019c) bursts, we find that the polarimetric properties are
also persistent over at least four octaves in radio frequency. However, the lack of absolute
PPA calibration prevents us from investigating whether the average PPA is both persistent
in time and between radio frequencies. In the case of FRB20121102A, it appears that the
linear polarisation fraction decreases towards lower frequencies (Plavin et al., 2022). It is,
as yet, unclear whether that is due to an intrinsic change in the emission physics, or whether
it reflects a propagation effect. The RM of FRB20121102A is highly variable (Michilli et al.,
2018b; Gajjar et al., 2018; Hilmarsson et al., 2021a), and 2−3 orders of magnitude larger
than FRB 20180916B. The association of FRB20121102A with a persistent, compact radio
source (Chatterjee et al., 2017; Marcote et al., 2017) – whereas none is detected coincident
with FRB 20180916B (Marcote et al., 2020) – further demonstrates that their local environ-
ments are different, despite both being near to a star-forming region (Tendulkar et al., 2017;
Bassa et al., 2017; Marcote et al., 2020; Tendulkar et al., 2021).
Regardless of differences in host galaxy type and the local environment, however,
the remarkable similarity of burst properties demonstrates that FRB20121102A and
FRB 20180916B have the same physical origin. This is further emphasised by the detec-
tion of periodicity in the burst activity rate of FRB 20180916B (Chime/Frb Collaboration
et al., 2020) with Pactivity ∼16day, and the potential detection of a similar effect from
FRB20121102A(Rajwade et al., 2020; Cruces et al., 2021) with Pactivity ∼157day.
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To date, the only other repeating FRB that has polarisation information from more than one
burst, and is localised to a host galaxy, is FRB20190711A (Day et al., 2020; Kumar et al.,
2021). FRB20190711A clearly shows the downward-drifting ‘sad trombone’ effect character-
istic of repeating FRBs (Hessels et al., 2019; CHIME/FRB Collaboration et al., 2019a). Also,
the polarimetric properties of FRB20190711A show a striking observational similarity; it is
also highly linearly polarised, approximately 0% circularly polarised and has a constant PPA
across the burst profiles. FRB20190711A has been localised to a star-forming galaxy (Mac-
quart et al., 2020; Heintz et al., 2020), different from the hosts of FRB20121102A (found in
a faint starburst galaxy; Chatterjee et al. 2017) and FRB 20180916B (localised to a massive
quiescent galaxy; Marcote et al. 2020).
Recently, Luo et al. (2020) report the polarisation properties of 7 bursts from the repeating
FRB180301. FRB180301 shares a number of properties with other well-studied repeating
FRBs, including downward-drifting sub-bursts, narrowbandedness, and no evidence of cir-
cular polarisation. However, the approximately 100 % linear polarisation and flat PPA across
burst profiles is not always observed in the case of FRB180301 (Luo et al., 2020).
The so-far non-repeating FRB20181112A shows 4 sub-bursts spanning a total burst duration
of 1.5ms, with different apparent RMs and DMs between sub-bursts (Cho et al., 2020).
Day et al. (2020) also found similar effects in their sample of five FRBs. The apparent RM
variations of approximately 10–20 radm−2 seen in the ASKAP FRB sample are too subtle
to probe for FRB 20180916B given the data we present here and the uncertainty on the
delay calibration. We note, however, that (apparent) RM variations at this level are likely
excluded based on previously published FRB 20180916B polarimetric results taken at 110–
188MHz with LOFAR (Pleunis et al., 2021b), 300–400MHz using GBT (Chawla et al., 2020)
and 400 − 800MHz using CHIME/FRB (CHIME/FRB Collaboration et al., 2019c) because
they would lead to a lower polarisation fraction than observed.
Nonetheless, at the high-time-resolution afforded by these data, we detect subtle PPA vari-
ations of a few degrees between sub-bursts lasting ≲ 100µs each. This is most visible for
burst B1 (Figure 2.5). For the bright, 60µs dominant component of B4 (B4-sb2), where we
have maximum S/N per unit time, there is the suggestion of PPA variations of a few degrees,
when studying this component at 1µs time resolution (Figure 2.5). This could be interpreted
as potential small PPA swings, or that this burst component is actually composed of many
sub-µs components with PPAs that vary on the level of a few degrees, similar to what we see
between the 100µs burst components.
FRB 20180916B shows some of the shortest-timescale temporal features seen in any FRB to
date. For comparison, FRB20121102A, FRB20170827A and FRB20181112A have shown
30µs substructures (Michilli et al., 2018b; Farah et al., 2018; Cho et al., 2020). In the
case of FRB20170827, the burst shows a single component of width 30µs (Farah et al.,
2018), and similarly, FRB20121102A produced a single burst of width 30µs (Michilli et al.,
2018b). FRB20181112A, also shows a single narrow component, but the results are limited
by scattering at the 20µs level (Cho et al., 2020). In this work, we have demonstrated that
not only does FRB 20180916B also exhibit short-duration components similar to what has
been seen in other FRBs (e.g. the 30µs spike in the inset on Figure 2.5), but, in fact, we
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observe temporal scales spanning three orders of magnitude, the shortest reaching only a
few µs.
Marcote et al. (2020) estimated a Galactic scattering time of 2.7µs at 1.7GHz from the
measurement of the scintillation bandwidth. Independently, Chawla et al. (2020) place a
constraint on the scattering timescale of FRB 20180916B of τ < 1.7ms at 350MHz, which,
assuming a frequency scaling of τ ∝ ν

−4, gives a scattering time at 1.7GHz of <3µs, con-
sistent with Marcote et al. (2020). The shortest timescale structure observed in this work is
consistent with this scattering prediction. Our results rule out that burst B4 is composed of
a few extremely bright sub-µs shots of emission well-spaced in time, similar to what is ob-
served in Crab giant pulses (Hankins et al., 2003). If the 20µs morphology that we observe
in the profile of B4 are made up of sub-µs shots of emission, they must be closely packed in
time and of approximately equal amplitude.

Refined DM

We refine the burst DM using the PSRCHIVE tool pdmp (van Straten & Bailes, 2011) to
search for the DM that maxmises S/N of burst B4 (the brightest in our sample) in the 1µs
resolution data. The DM is found to be 348.772 ± 0.006 pc cm−3, which is 0.012 pc cm−3

greater than the value the data is coherently dedispersed to. In case the burst is comprised
of bright µs shots of emission, we additionally search for the DM that maximises the peak in
the profile structure (using the metric of maximising (max-min) of the time series). This was
found to be 348.775 pc cm−3, consistent with the pdmp-determined value. We thereafter
incoherently dedispersed all the 1µs data to the pdmp-determined value (+0.012 pc cm−3).
This slight shift in DM does not result in significant intra-channel temporal smearing.

Short timescale structure in B4-sb2

To test whether the single-time-bin spikes that appear in B4-sb2 (panel l, Figure 2.1) are
physical or consistent with amplitude-modulated noise (Rickett, 1975; Cordes, 1976), we
remove the envelope of the burst from the data. To do this we use a Blackman window
function, with a smoothing window of 19 bins, to create a model of the envelope of the
burst (shown in panel c of Figure 2.2). This model is then divided out of the data, leaving
the residuals shown in panel d of Figure 2.2, with off-burst noise also shown for comparison.
We find no statistical outliers in this burst, implying that the narrow features are consistent
with amplitude-modulated noise.

Power spectra modelling and statistics

The power spectrum (in log space; see Figure 2.3) was fit with a power law of the form

f(ν) = Aν
−α + C, (2.2)

where A is the amplitude, α is the power law slope, and C is a white noise component,
using the Bayesian analogue of a maximum likelihood estimation, as implemented in the
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Stingray modelling interface (Huppenkothen et al., 2019). There are many astrophysical
phenomena whose lightcurve is observed to have a power law component in the Fourier
domain, often referred to as ‘red noise’ (e.g., gamma-ray bursts; Cenko et al. 2010, active
galactic nuclei; McHardy et al. 2006 andmagnetars; Huppenkothen et al. 2013).We perform
a goodness-of-fit test by simulating 100 fake power spectra from the best fit, and performing
the same Bayesian maximum likelihood fit. The measured p-value is then the fraction of the
simulations with a maximum likelihood lower than the likelihood of our fit. The results of
this analysis are shown in Table 2.1. There are apparent oscillations in the ACF, consistent
with the fluctuations seen in the profile. The power spectrum shows a power law slope,
consistent with red noise. To test the statistical significance of any features in the power
spectrum on top of the red noise slope, we use two metrics (for a detailed explanation, see
Huppenkothen et al. 2013). First, to search for any significant narrow features in the power
spectrum, we compute the residuals as a function of frequency, ν,

R(ν) = 2P (ν)
M(ν) , (2.3)

where P (ν) is the power spectrum, and M(ν) is the best fit noise component. Using the
Markov chain Monte Carlo (MCMC) package emcee (Foreman-Mackey et al., 2013) to gen-
erate 100 simulated residuals, we generate the distribution of max(Rsim(ν)), and determine
the probability that the observed peak value, max(R(ν)), is consistent with noise. We find no
statistically significant outliers using this statistic. The second method we use is more sensi-
tive to lower amplitude, wider features in the power spectrum, which are often referred to as
quasi-periodic oscillations (QPOs) and are observed in a number of astrophysical phenomena
(e.g., accreting low-mass X-ray binaries; van der Klis 2006, black hole binaries; Remillard
et al. 2006 and magnetar X-ray flares; Israel et al. 2005). This second method is a model
comparison method. In addition to the red-noise fit described above, we fit a function with a
Lorentzian describing the QPO summed with a red-noise power law (as defined above). We
calculate the likelihood ratio, and calibrate this likelihood ratio using MCMC simulations
of the simpler model (in our case, the power law model; see Protassov et al. 2002 for de-
tails). This analysis returns the posterior predictive p-value quoted in Table 2.1, i.e. for both
B4-sb1 and B3 we cannot rule out the simpler model of a red noise power law slope. For
all of the Bayesian fits described we give conservative prior distributions: flat distribution
for the power law slope α, flat distribution for the amplitude A, normal distribution for the
white noise component C, and a flat distribution for the Lorentzian parameters. Since we
see fluctuations of approximately 60µs in the ACF of B4-sb1, we use this as the inital guess
for the centroid frequency of the Lorentzian.
The bright envelope of burst B4-sb2 dominates in both the ACF and power spectrum, and
so any features associated with quasi-periodic oscillation are difficult to detect. One way
to bypass this issue would be to remove the envelope (divide out a smooth model of the
burst envelope), but this can introduce features in the power spectrum that are not physical
(Huppenkothen et al., 2013). We therefore only perform this analysis on burst B3 and B4-
sb1, which do not have a prominent envelope that would significantly affect the results. The
results are shown in Figure 2.3 and Table 2.1.
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Polarimetric calibration and RMmeasurement

We did not perform an independent polarisation calibrator scan to use for polarimetric cali-
bration. Instead, we use the test pulsar observation of PSRB2111+46 to determine the cal-
ibration solutions to apply to our target data. A similar polarimetric calibration technique
was used for radio bursts detected from SGR 1935+2154 using voltage data from the VLBI
backend of the Westerbork single-dish telescope RT1 (Kirsten et al., 2021b).
We assume that any leakage between the two polarisation hands only affects Stokes V (de-
fined as V = LL − RR using the PSR/IEEE convention; van Straten et al. 2010). We also as-
sume that the delay between the two polarisation hands only significantly affects Stokes Q
and U. The calibration we apply ignores second-order effects. We performed a brute force
search for the RM that maximises the linear polarisation fraction using the PSRCHIVE tool
rmfit (van Straten & Bailes, 2011). With rmfit we select a range of RMs to search, in a num-
ber of trial steps. The delay between the polarisation hands approximately manifests as an
offset from the true RM of the source, assuming the delay is frequency-independent. For this
reason, we select a larger range of RMs than what would be motivated by the known mea-
sured RM of FRB 20180916B (−114.6 rad m−2; CHIME/FRB Collaboration et al. 2019c),
and we search from −5000 rad m−2 to 5000 rad m−2 in 500 equally spaced steps.
For PSRB2111+46, we measure an RM of −657 rad m−2, which is 438 units from the true
RM of PSRB2111+46 (−218.7 rad m−2; Force et al. 2015). This approximately translates to
a delay of 5.5 ns. We use the rmfit-RM to Faraday correct the pulsar data, and we reproduce
the polarimetric properties and PPA of PSRB2111+46 within 8% of published properties
(Gould & Lyne, 1998). Figure 2.4 illustrates the calibration we applied. We note that we
had < 1 minute on PSRB2111+46, which has a rotational period of approximately 1 s (Ar-
zoumanian et al., 1994), so it is likely that our observed average profile did not completely
stabilise to the published average profile, which is based on the sum of many more individ-
ual pulses. As such, the aforementioned 8% deviation should be treated as an upper limit
on the inaccuracy of the polarimetric calibration.
We assume there are no significant changes to the calibration required between the test
pulsar scan and the detected FRB 20180916B bursts (<1hr between the PSRB2111+46
scan and burst B1). Bursts B1 and B4 have a sufficient S/N to determine an RM using rmfit
(S/N values determined in Marcote et al. 2020 are quoted in Table 2.2). B1 and B4 are
separated in time by >4hr and we note their measured rmfit-RMs differ by approximately
8 units (1–2% of the measured value). Thus we conclude that the bursts have consistent
RMs. The measured rmfit-RM for B4 is −536 ± 5 rad m−2, which when combined with
the offset due to a delay between the polarisation hands (+438 units, measured using the
PSRB2111+46 data) gives a true RM of −98 rad m−2. We note that we have not removed
the delay between polarisation hands from the data before running rmfit, and thus the error
quoted is lower than the true error as it does not reflect uncertainties associated with the
covariance between RM and delay. This is tackled in the following steps using a Q-U fit.
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To better determine the burst RM and associated errors, we perform a joint least squares fit
of Stokes Q and U spectra (as a function of frequency, ν), using the following equations:

Q/I = L cos(2(c2RM/ν
2 + νπD + ϕ)), (2.4)

U/I = L sin(2(c2RM/ν
2 + νπD + ϕ)), (2.5)

where c is the speed of light, and the free parameters L, the linear polarisation fraction,
D, the delay between polarisation hands, and ϕ = ϕ∞ + ϕinst, where ϕ∞ is the absolute
angle of the polarisation on the sky (referenced to infinite frequency), and ϕinst is the phase
difference between the polarisation hands. We perform the joint fit on Q/I and U/I spectra
for PSRB2111+46 and for burst B4, where the delay, D, is assumed to be the same for both
the pulsar and target scans. We fix the known RM of PSRB2111+46 (Force et al., 2015),
−218.7 rad m−2. We measure D = 5.4 ± 0.2 ns, consistent with our prediction from the
offset in RM from the true RM of PSRB2111+46 using rmfit. Additionally, we measure the
RM of burst B4 to be −104 ± 20 rad m−2, where the large fractional error arises due to
covariances between the fit parameters (RM, D and ϕ) that could not be removed as we did
not record independent information from a polarisation calibrator source. We find the RM
to be consistent with the previously measured RM values for FRB 20180916B (CHIME/FRB
Collaboration et al., 2019c; Chawla et al., 2020).
To correct for parallactic angle, we rotate the linear polarisation vector by

θ = 2 tan−1

(
sin(HA) cos(ϕ)

(sin(ϕ) cos(δ) − cos(ϕ) sin(δ) cos(HA)

)
, (2.6)

whereHA is the hour angle of the burst, ϕ is the latitude of Effelsberg, and δ is the declination
of FRB 20180916B. The parallactic angle corrected PPA is shown in the top panel of each
sub-figure in Figure 2.5. We plot the probability distribution of PPA per time bin, following
Everett & Weisberg (2001), and mask any bins where the unbiased linear S/N is below 3.
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Abstract

Fast radio bursts (FRBs) are extragalactic radio flashes of unknown physical origin. Their
high luminosities and short durations require extreme energy densities, like those found in
the vicinity of neutron stars and black holes. Studying the burst intensities and polarimetric
properties on a wide range of timescales, from milliseconds down to nanoseconds, is key to
understanding the emission mechanism. However, high-time-resolution studies of FRBs are
limited by their unpredictable activity levels, available instrumentation and temporal broad-
ening in the intervening ionised medium. Here we show that the repeating FRB 20200120E
can produce isolated shots of emission as short as about 60 nanoseconds in duration, with
brightness temperatures as high as 3 × 1041 K (excluding relativistic effects), comparable
to ‘nano-shots’ from the Crab pulsar. Comparing both the range of timescales and luminosi-
ties, we find that FRB 20200120E observationally bridges the gap between known Galactic
young pulsars andmagnetars, and the muchmore distant extragalactic FRBs. This suggests a
common magnetically powered emission mechanism spanning many orders of magnitude in
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timescale and luminosity. In this work, we probe a relatively unexplored region of the short-
duration transient phase space; we highlight that there likely exists a population of ultra-fast
radio transients at nanosecond to microsecond timescales, which current FRB searches are
insensitive to.
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3.1 Introduction

In the late 1960s, the discovery of radio pulsars was enabled by observations using an un-
precedented time resolution of 50−100ms (Hewish et al., 1968). The subsequent discovery
of the Crab pulsar(Staelin & Reifenstein, 1968) eventually led to the insight that its giant
pulses (Heiles & Campbell, 1970; Staelin, 1970) show structure on timescales as short as 0.4
nanoseconds (Hankins et al., 2003). These ‘nano-shots’ have exceptionally high brightness
temperatures of ∼ 1040 K (Hankins & Eilek, 2007). The more recent discovery of the fast
radio burst (FRB) phenomenon (Lorimer et al., 2007; Thornton et al., 2013) has shown that
nature produces millisecond duration radio flashes that are apparently 109−12 times more
luminous than those of average pulsars (Petroff et al., 2019; Cordes & Chatterjee, 2019;
Petroff et al., 2022).
As with pulsars, the recording of raw voltage data can allow us to study FRB signals on
timescales of microseconds (µs) down to nanoseconds (ns). Thus far, such observations
have demonstrated that FRB signals can show temporal structure on timescales of tens of
microseconds down to just a few microseconds (Farah et al., 2018; Michilli et al., 2018b;
Cho et al., 2020; Nimmo et al., 2021). Nimmo et al. (2021) also discuss how individual
FRBs can display a range of temporal structure, from a few microseconds up to milliseconds.
The temporal behaviour of FRBs — along with their polarimetric properties (Michilli et al.,
2018b; Day et al., 2020) and dynamic spectra (Hessels et al., 2019) — provide key inputs
for distinguishing between the dozens of proposed source models and emission mechanisms
(Platts et al., 2019). Furthermore, these burst properties can aid in observationally distin-
guishing the populations of repeating and apparently one-off FRBs, thereby strengthening
the case that they have physically distinct origins (CHIME/FRB Collaboration et al., 2019c;
Fonseca et al., 2020; Pleunis et al., 2021a).
Kirsten et al. (2022) recently associated the repeating FRB 20200120E (Bhardwaj et al.,
2021a) with [PR95] 30244, a globular cluster that is part of the M81 galactic system. At a
distance of 3.6Mpc, FRB 20200120E is the closest-known extragalactic FRB, bridging the
gap between the putative Galactic FRB source SGR 1935+2154 (a known magnetar at a
distance of ∼ 3 − 10 kpc; CHIME/FRB Collaboration et al. 2020; Bochenek et al. 2020;
Zhong et al. 2020) and FRB 20180916B at a luminosity distance of 149Mpc (Marcote et al.,
2020). FRB 20200120E is also at high Galactic latitude (∼ 41.2◦), which reduces the effect
of temporal scatter broadening arising from the Milky Way interstellar medium (ISM). This
suggests that FRB 20200120E could be an excellent source to study at the highest-possible
temporal resolutions.
Here we present a spectro-polarimetric study of 5 FRB 20200120E bursts detected with the
Effelsberg 100-m telescope during a broader localisation campaign (Kirsten et al., 2021b)
using ad hoc interferometric observations with dishes from the European Very-long-baseline
interferometry (VLBI) Network (EVN). In this Article we present both extremely high time
resolution, and lower time resolution analyses of the bursts, with full polarimetry, and there-
after discuss the observational connections between FRB 20200120E and well-studied re-
peating FRBs, the Crab pulsar and the Galactic magnetar SGR 1935+2154.
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Figure 3.1: Burst B3 from FRB 20200120E exhibits sub-microsecond temporal structure. Panel a shows the temporal
profile of burst B3 at 31.25 ns time resolution (black) and downsampled to 1µs resolution (green). Panel b shows a
histogram of the S/N values in the 31.25 ns data (black), also showing the χ

2-distributed (2 degrees of freedom) noise
distribution (red) arising in the limiting case of δtδν ∼ 1, where δt and δν are the time and frequency resolutions of
the data, respectively. The residuals of the off-burst histogramwith the best-fit χ

2-distributedwith 2 degrees of freedom
is shown in panel c. This plot contains temporal profiles computed for the bright scintle only, i.e. the frequency range
1318 − 1334MHz. The data were generated with SFXC and are coherently dedispersed to 87.7527 pc cm−3. Panel d
shows a zoom in of panel a, highlighting the temporal regions plotted in panels e (yellow) and f (blue) panels.
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Figure 3.2: The polarimetric profiles, dynamic spectra, time-averaged spectra and polarization position angle (PPA)
of the bursts detected from FRB 20200120E. For B5 only Stokes I is shown (see text). The data are plotted with
8µs and 1MHz time and frequency resolution, respectively (with the exception of B1 and B5 which are plotted with
4MHz frequency resolution). The data were generated with SFXC and are coherently dedispersed within each 16MHz
subband to 87.75 pc cm−3(and also incoherently shifted between subbands). Panels a–d are the PPA across the burst
profile, where the color gradient represents the linear polarization S/N (black is high S/N and white is low S/N), and
the colored horizontal line represents the weighted best-fit line to the PPA. Only the PPAs above a linear S/N threshold
of 3 are plotted. Panels e–h show the total intensity (Stokes I; black), unbiased linear polarization (Everett & Weisberg
2001; red) and circular polarization (blue) burst profiles (panel i shows the Stokes I profile of burst B5). In the top-left
of the panels are the burst name used throughout this work, and the time resolution used for plotting. The colored bar
at the bottom of the panels represent the ±2σ burst width used to measure the polarization fractions and burst fluence.
Panels j–n are the dynamic spectra and panels o–s are the time-averaged frequency spectra. The red marks on the
dynamic spectra outline the edges of the subbands. Data that have been removed due to radio frequency interference
have not been plotted.
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3.2 Observations & Data

We observed FRB 20200120E (Bhardwaj et al., 2021a) using an ad hoc EVN array at 1.4GHz,
on 2021 February 20 UT 1700 – 2200, 2021 March 7 UT 1545 – 2045, and 2021 April 28 UT
1100 – 2200. For details on the interferometric array configuration and localisation results,
see Kirsten et al. (2022). With the 100-m Effelsberg telescope, we recorded dual circular
polarization raw voltages (R and L) using 32MS/s real sampling per 16-MHz subband and
2-bit samples written in VDIF format (Whitney et al., 2010), with a total bandwidth of
256MHz.
Throughout this work we label the FRB 20200120E bursts as Bn, ordered according to their
arrival time, and matching the nomenclature used in Kirsten et al. (2022).

3.3 Results

As described in Methods (§3.5), we create total-intensity filterbank data containing each
burst at the native sampling of the voltage data (31.25 ns), using SFXC. The filterbank data
were created with 32-bit digitization, in order to avoid saturation. The data are coherently
dedispersed within the 16MHz subbands, and each subband is also time shifted to correct
for dispersive delay (incoherent dedispersion), both using our measured dispersion measure
(DM) of 87.7527±0.0003 pc cm−3 (Methods §3.5). We assume the same DM for all bursts.
This DM is > 9σ lower than the previously reportedmeasurement of 87.782±0.003 pc cm−3

(where the quoted value is based on the average of 3 bursts; Bhardwaj et al. 2021a). The ob-
served difference in DM could be due to unresolved time-frequency structure in the Bhardwaj
et al. (2021a) bursts, often seen in repeating FRBs (Hessels et al., 2019). Future measure-
ments are needed to determine if the DM is frequency or time dependent.
In Figure 3.1a, we present the profile of burst B3 at 31.25 ns resolution (black), and down-
sampled to 1µs resolution (green), in the frequency range 1318 – 1334MHz. This range
corresponds to the single subband containing the brightest spectral feature in the burst (vis-
ible in the burst dynamic spectrum shown in Figure 3.2l). By using a single subband, we
avoid artefacts due to the inaccuracy of incoherent dedispersion. There are clear few-bin-
wide temporal structures in the 31.25 ns profile of burst B3 (Figure 3.1). The question re-
mains whether the sub-microsecond structures we observe are isolated shots of emission or
noise fluctuations consistent with the χ

2-distribution of amplitude-modulated noise (AMN;
Methods §3.5). We calculate the probability of drawing the bright ∼60ns duration feature
at Time = 0 in Figure 3.1 from the local brightness distribution, where in this case “local” is
defined as ±1.5625µs (±50 bins) around the bright feature (Methods §3.5). We find that
the probability of drawing this high signal-to-noise (S/N), two-bin-wide structure from the
distribution is p= 4 × 10−8 × 100 bins/2 = 2 × 10−6 (Figure 3.3). Therefore, we find this
feature to be inconsistent with the local AMN distribution, and conclude that this structure is
a real isolated shot. In addition to this bright 60 ns shot, we find at least another 2 significant
sub-microsecond shots of emission in burst B3.
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Figure 3.3: The probability that the brightest 1–2 bin features in the 31.25 ns burst profiles are consistent with the local
amplitude modulated noise distribution. Panels a–c show the 31.25 ns resolution profiles (grey) with off burst noise
(black) shown for comparison. The burst name and time resolution is shown in the top left corner and the frequency
range averaged over to produce the burst profile in the top right corner of the panels. Panels d–f are zoomed-in
profiles containing the highest S/N feature in the burst profile. The colored region represent the local region (time
span±1.5625µs) used to determine the probability density function (pdf; panels g–i) and cumulative density function
(cdf; panels j–l). Note that the feature at the center of the colored region is not added to the distribution, since this is
the feature which we want to determine the significance of relative to the local distribution. An exponential distribution
fit is overplotted (colored lines) on the pdf and cdf. The highest S/N feature is represented by the vertical dashed line
on the cdf (where in the case of B3, there are two dashed lines since the feature is 2 bins wide), and the legend shows
the probability (or 1-cdf) of these features. The horizontal dashed lines on panels d–f represent the 3σ levels for
single-bin features, using this local distribution (also for 2-bin features in the case of B3).
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Figure 3.4: Low time resolution 2D autocorrelation functions (ACFs) of the bursts detected from FRB 20200120E.
Panels f–j show the 2D ACF with colored contours overplotted representing the 2D Gaussian fit 1,2,3 and 4 σ. The
zero lag spike is not plotted. The ACF is computed using filterbank data generated with SFXC (Keimpema et al.,
2015), with time and frequency resolution of 8µs and 125 kHz, respectively. The data were dedispersed using a
DM of 87.75 pc cm−3. Panels a–e show the frequency-averaged time ACF, with the frequency-averaged Gaussian fit
overplotted, and similarly panels k–o show the time-averaged frequency ACF, with the time-averaged Gaussian fit
overplotted. The time and frequency scales characterised in this plot, arise from the burst temporal width and frequency
extent. The colored lines coordinate with other figures in this work (e.g. Figure 3.2 and Figure 3.5).
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Bursts B2 and B4 also have sufficient S/N to study at the highest-possible temporal resolution
(Methods §3.5; Figure 3.3). Contrary to burst B3, which exhibits few-bin temporal structure,
the highest S/N spikes in B2 and B4 are single-bin unresolved features. This poses a concern
since the bright spectral feature dominating the subband used to create the burst profile,
has a spectral extent less than the subband width (we attribute the spectral features to
scintillation, see below). This results in an effective time resolution less than the native
sampling of the data. Therefore, single-bin features are more likely to be consistent with
a noise process. The probability of drawing the bright single-bin features from their local
distributions are p = 1 × 10−4 × 100 bins = 0.01 and p= 4 × 10−4 × 100 bins = 0.04
for B2 and B4, respectively. These relatively high probabilities, combined with the effective
resolution argument above, suggests that the high-resolution features in both B2 and B4 are
consistent with the χ

2 AMN distribution.
The total burst duration and spectral structure were quantified by performing a 2-
dimensional autocorrelation of the lower-time-resolution burst dynamic spectra, following
Nimmo et al. (2021) (8µs, 125 kHz; see Supplementary Information §3.6 for details). The
burst temporal width and frequency extent are reported in Table 3.1. As is clear in the au-
tocorrelation functions (ACFs; Figure 3.4), there is an additional narrower frequency scale,
which we measure to be consistent with the expected scintillation from the Milky Way ISM
(Supplementary Information §3.6; Figure 3.6a; Cordes & Lazio 2002). The scintillation band-
width measurements are reported in Table 3.1. Additionally, we report the fluence, peak flux
density and isotropic-equivalent spectral luminosity of the bursts, computed within the ±2σ

width region (Table 3.1; Supplementary Information §3.6).

Table 3.1: Burst properties.
Burst Time of Arrivala Fluenceb Peak Peak Flux Spectral Width f Frequency Scintillation

S/Nc Densityb,c Luminosityb,d,e Extent f bandwidthh

[MJD] [Jy ms] [Jy] [1028 erg s−1 Hz−1] [µs] [MHz] [MHz]
B1 59265.88304437179 0.13±0.03 6.6 1.59±0.32 0.56±0.13 156 ± 1 140±1 1.7 ± 0.6
B2 59265.88600912486 0.63±0.13 36.1 8.71±1.74 2.3±0.6 62±1, 93 ± 0.5 g 103±1, 89±1 g 3.0 ± 0.8
B3 59280.69618745651 0.53±0.11 64.8 15.6±3.12 8.0±1.9 46.7 ± 0.1 94±1 5.8 ± 0.7
B4 59280.80173397988 0.71±0.14 29.3 7.07±1.41 4.0±1.0 117±1 134±1 5.4 ± 0.8
B5 59332.50446581106 0.09±0.02 6.9 1.66±0.33 1.0±0.2 56.6±0.1 86±1 2.9±1.5
a Corrected to the Solar System Barycenter to infinite frequency assuming a dispersion measure of 87.75 pc cm−3,

reference frequency 1502MHz and dispersion constant of 1/(2.41×10−4)MHz2 pc−1 cm3 s.
The times quoted are dynamical times (TDB).

b We estimate a conservative 20% error on these measurements, arising due to the uncertainty in the system equivalent flux density (SEFD) of Effelsberg.
c Determined for a time resolution of 8µs.
d Using the distance to the globular cluster [PR95] 30244 of 3.63±0.34Mpc (Freedman et al., 1994).
e Isotropic-equivalent.
f Defined as 1/

√
2 multiplied by the FWHM of the autocorrelation function (ACF).

g Width per burst component.
h The uncertainties are a combination of the 1-σ fit uncertainty, and 1/

√
N, where N≈5 is the number of scintles.

There are three clear timescales measured in the average temporal ACF (averaged over the
four brightest subbands; Methods §3.5) of burst B3 at 31.25 ns resolution (Figure 3.7f–h):
a 40µs timescale, consistent with the total burst extent in time, a clear 1µs timescale, and
even a shorter timescale (40 ns) consistent with temporal structure on the few-bin level. In
contrast, bursts B2 and B4 both exhibit a timescale on the order of 10µs, consistent with
their total burst duration (Figures 3.8 & 3.9). There is evidence for structure on the few-bin
level in the B4 ACF, although the height of this narrow ACF feature relative to the wider ACF
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Figure 3.7: Dynamic spectrum of burst B3 from FRB 20200120E with time resolution 31.25 ns, temporal autocorrela-
tion function (ACF) and power spectrum (PS). Panel b shows the dynamic spectrum in the form of temporal profiles per
subband. This data was generated with SFXC, and each subband has been coherently dedispersed to 87.7527 pc cm−3.
Panel a shows the frequency-averaged burst profile. Panel c shows the average power spectrum (PS) of the four sub-
bands containing significant burst structure in the top panel (grey), with a downsampled PS (factor 8) overplotted in
black. The purple and blue lines represent fits to the PS of a red noise power law plus white noise model and a power
law/white noise plus Lorentzian model, respectively. Panels d and e below show the residuals (2 × D/M , for data
D and model M) of both models, matching the colors above. The dashed lines represent the perfect case of D = M .
Panel f shows the average temporal ACF of the same four subbands (top panel, orange). For comparison the off burst
ACF is also shown (grey). The residual of the average ACF subtracted the noise ACF is shown in panel g below, with
the green and purple Lorentzian fits to the ACF residuals highlighting two distinct temporal scales in the data. Panel
h shows a zoom in on the ACF residuals highlighting a third temporal scale by the cyan Lorentzian fit.
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Figure 3.8: The same as Figure 3.7, for burst B2 from FRB 20200120E. Note the average ACF only shows one temporal
scale (unlike the three seen for burst B3). Additionally, we only plot the red noise power law plus white noise model
since any wide Lorentzian features are less apparent in this power spectrum, than the case of B3.
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feature is smaller for B4 than B3 (height of cyan Lorentzian relative to green Lorentzian in
Figures 3.7h & 3.9g), implying either that the S/N of these temporal fluctuations are lower,
or that there are fewer temporal features on this timescale. No additional short-timescale
components were measured in burst B2 (Figure 3.8). This further supports the conclusions
above that we have resolved microsecond and sub-microsecond structure in burst B3, with
no evidence for similar structure in B2 and B4. Additionally, there is a range of timescales
observed in the bursts, sometimes observed within bursts: from tens of nanoseconds to tens
of microseconds. In Figure 3.10 we compare the isotropic-equivalent luminosity of the three
highest-significance shots of emission in the B3 31.25 ns profile with other short-duration
transients, including that of the bright ∼ 5µs component of B3 seen in the 1µs resolution
data (Figure 3.11b), and the wider burst envelopes seen in B1, B2, B4 and B5 (Methods
§3.5; Table 3.1).
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Figure 3.10: Nanosecond to second transient phase space. The FRB 20200120E burst temporal structures and their
measured isotropic-equivalent spectral luminosity are shown by the black stars. We plot the three highest significance
isolated shots from burst B3 (left-most black stars), the bright 5µs structure evident in the 1µs time resolution data
of burst B3 (Figure 3.11), as well as the wider burst structure seen in B1, B2, B4 and B5 (right-most black stars). The
other FRBs plotted are the published localized repeating FRBs, with known distances: FRB 20121102A (Spitler et al.,
2016; Scholz et al., 2017; Law et al., 2017; Michilli et al., 2018b; Hessels et al., 2019; Gourdji et al., 2019; Gajjar et al.,
2018; Hardy et al., 2017; Houben et al., 2019; Majid et al., 2020; Josephy et al., 2019; Rajwade et al., 2020; Caleb
et al., 2020), FRB 20180916B (CHIME/FRB Collaboration et al., 2019c; Marcote et al., 2020; Chawla et al., 2020;
Chime/Frb Collaboration et al., 2020; Pleunis et al., 2021b; Nimmo et al., 2021), and FRB 20190711A (Macquart
et al., 2020; Kumar et al., 2021). In purple we plot the radio bursts from the Galactic magnetar SGR 1935+2154
(CHIME/FRB Collaboration et al., 2020; Bochenek et al., 2020; Zhang et al., 2020; Kirsten et al., 2021b; Good &
Chime/Frb Collaboration, 2020). Giant pulses from the Crab pulsar (GRPs) are shown in orange (Karuppusamy et al.,
2010), and the ‘nano-shots’ are represented by the yellow crosses (Hankins et al., 2003; Hankins & Eilek, 2007; Jessner
et al., 2010). The pulsar and Rotating RAdio Transient (RRAT) population are shown in pink (Keane, 2018). Note that
for pulsars, the points on the figure represent average pulses, where individual pulses can be brighter or weaker by
approximately 1 or 2 orders of magnitude. The grey lines represent lines of constant brightness temperature.
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Figure 3.11: Correlation coefficient between single time bin (1µs) spectra of bursts B2, B3 and B4 from
FRB 20200120E, testing for consistency with the Scintillating Amplitude Modulated Polarized Shot Noise prediction
(0.33 for 100% polarized emission; Cordes et al. 2004). Panels a–c show the 1µs burst profile with the burst name
and time resolution shown in the top left corner and the frequency range averaged over to produce the burst profile in
the top right corner of each panel. Panels d–e show the correlation coefficient between single time bin spectra above
a S/N threshold of 9 as a function of the time separation between bins. The color gradient indicates the geometric
mean of the two time bins used to determine the correlation coefficient (darker color implying a higher geometric
mean). Also plotted is a histogram of the correlation coefficients. The colored line represents the geometric mean S/N
weighted correlation coefficient.
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The power spectra of bursts B2, B3 and B4 (panel c; Figures 3.7–3.9) are all consistent with
red noise (Methods §3.5), with B2 and B4 exhibiting a steeper power law (α = 1.85 ± 0.04
and 2.04 ± 0.05, respectively) than B3 (α = 1.46 ± 0.05). This is consistent with the results
we have presented above; the power spectrum of B3 shows more power at higher frequencies
(shorter timescales), than bursts B2 and B4.

Table 3.2: Burst polarization properties and polarization position angle fit results.
Burst RMa [rad m−2] PPA offsetb RM (global)a,c PPA offset Lunbiased/Id V/Id [%] χ

2 e Degrees of
[deg] [rad m−2] (global)c [deg] [%] freedome

B1 −21.9 ± 13.1 28.5 −54.2 ± 4.8 68.3 94 ± 9 4 ± 9 18.9 7
B2 −57.2 ± 5.1 0 −54.2 ± 4.8 0 103 ± 3 −13 ± 3 59.6 27
B3 −37.1 ± 4.2 −8.6 −36.9 ± 3.8 −9.3 102 ± 2 1 ± 1 15.5 11
B4 −36.4 ± 8.0 13.1 −36.9 ± 3.8 14.3 94 ± 2 6 ± 2 25.7 22
a The large fractional errors arise due to covariances between fit parameters in the QU-fitting, see text for more details.
b Offset from a weighted mean of the bursts from a single epoch.
c The global values are assuming all bursts detected on the same day have the same RM.
d The quoted uncertainties are 1σ uncertainties, and do not include uncertainties from the calibration.

Note: we reproduce the published pulsar circular (linear) fractions within 3% (10%) and 1% (6%)
for the Feb 20 and March 7 observations, respectively.

e Fit results of weighted least squares fitting of a straight line to the PPA.

Following Nimmo et al. (2021), the polarimetric data were calibrated using the known po-
larization properties of the pulsar PSR B0355+54 (Taylor et al. 1993; see Supplemetary
Information §3.6 for details). The full polarimetric burst profiles and polarization position
angles (PPA) are shown in Figure 3.2. Note that we could not recover the polarimetric prop-
erties of burst B5, likely due to the low S/N of the burst. Bursts B1 – B4 are highly linearly
polarized (> 90%), and exhibit little-to-no circular polarization (Table 3.2). As reported in
Table 3.2, there is a tentative 3 – 4σ detection of 13% and 6% circular polarization in B2
and B4, respectively. In the 8µs resolution profiles, there is evidence for small variations in
the PPA across the bursts, with a ∆PPA between bursts from the same epoch within ∼ 30◦.
We determine the rotation measure (RM) of the bursts, and conclude that they are in agree-
ment with previous measurements (−29.8 radm−2; Bhardwaj et al. 2021a).
As presented above, burst B3 exhibits variations on both microsecond as well as sub-
microsecond timescales. The Stokes parameters are only physically meaningful with suf-
ficient averaging (van Straten, 2009). Therefore, in Figure 3.12 we show the frequency-
averaged polarization profile and PPA of burst B3 at 125ns resolution. In these data we
average over a total of 44 channels (over the frequency range 1254 – 1430MHz), and there-
fore have 44 degrees of freedom. The ∼100ns – 1µs structures are highly linearly polarized,
consistent with the polarization properties at lower time resolution. Additionally, the PPA
varies between the sub-µs temporal features by up to a few 10s of degrees.

3.4 Discussion

The timescales and luminosities measured in the FRB 20200120E bursts presented in this
work populate a previously vacant, relatively unexplored region of the short-duration tran-
sient phase space. They bridge the gap between extragalactic FRBs and Galactic neutron
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stars (Figure 3.10). Here we elaborate on how FRB 20200120E compares observationally
with other short-duration radio transients, and discuss the implications of our findings.
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Figure 3.12: High time resolution polarimetric profile and polarization position angle (PPA) for burst B3 from
FRB 20200120E. Panels a–c show the PPA as a function of time, with the orange line representing the weighted
best-fit line to the PPA. Only the PPAs above a linear S/N threshold of 5 are plotted. Panels d–f show the polarimetric
profile of the burst sampled at 125 ns, with Stokes I (black), unbiased linear polarization (Everett & Weisberg 2001;
red) and circular polarization (blue). The yellow and blue regions plotted on panels a and d represent the time ranges
used for plotting panels b,e and panels c,f, respectively. This data was generated with SFXC, with 4MHz channels and
coherently (within subbands) and incoherently (between subbands) dedispersed to 87.7527 pc cm−3. The frequency
information was averaged for the frequency range 1254 – 1430MHz (visually, the extent of the burst in frequency),
which, in this data product, corresponds to averaging by a factor of 44.

Repeating fast radio bursts

The polarimetric properties of FRB 20200120E are consistent with those of most well-studied
repeaters (Michilli et al., 2018b; Nimmo et al., 2021; Day et al., 2020). As is often observed,
we find a very high (∼ 100%) linear and low (≲ 10%) circular polarization fraction as
well as a polarization position angle (PPA) that is roughly constant during bursts. As with
FRB 20180916B (Nimmo et al., 2021), we find that FRB 20200120E shows small PPA vari-
ations (∆PPA) on timescales < 10µs. Between bursts, we see variations in the PPA of a few
tens of degrees, in contrast to the < 10◦ ∆PPA from bursts detected at the same observ-
ing epoch, seen in other repeaters (Michilli et al., 2018b; Nimmo et al., 2021). We note
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that at least one repeater (FRB 20180301A) has shown lower linear polarization fractions
(40 − 80%) and significant PPA swings in some bursts (Luo et al., 2020).
The spectrum of FRB 20200120E shows at least two scales of variation. We find narrow-band
brightness variations on the scale of ∼ 5MHz, which we ascribe to scintillation in the Milky
Way ISM. The other ∼ 100MHz spectral variation may be intrinsic to the source emission
mechanism or imparted by local propagation effects. This spectral envelope is similar to
what is seen from other repeaters (Hessels et al., 2019; Gourdji et al., 2019; Pleunis et al.,
2021a). Additionally, the downward-drifting burst sub-structure, often referred to as the
‘sad-trombone effect’, that is often seen in repeaters (Hessels et al., 2019), has previously
been observed for FRB 20200120E (Bhardwaj et al., 2021a).
Though FRB 20200120E shares many characteristics of repeating FRBs, its ∼ 100µs burst
envelopes are atypically narrow. The range of timescales observed, however, roughly a factor
of 1000, is comparable to what has been found in a similar analysis of FRB 20180916B
(Nimmo et al., 2021). In the case of FRB 20180916B, Nimmo et al. (2021) were limited by
a larger scatter-broadening of 2.7µs (note that FRB 20180916B is at a Galactic latitude of
only 3.7◦; Marcote et al. 2020; see also Figure 3.6b), and could not rule out the possibility
that the wider sub-bursts are composed of closely spaced microsecond structures. Burst B3
from FRB 20200120E has clear isolated shots of duration ∼ 60ns, and also evidence that the
sub-microsecond shots are clustered on microsecond timescales (Figure 3.7f–h). For bursts
B2 and B4, there is no clear evidence for isolated shots in the 31.25 ns burst profile, but it
is possible that the S/N is too low to detect these individual shots, consistent with the lower
<0.33 measured correlation coefficient (Methods §3.5; Figure 3.11d–f).
The strikingly similar observational properties of FRB 20200120E with other repeaters
suggests that they have similar physical origins. FRB 20200120E is the closest known ex-
tragalactic FRB discovered to date (Kirsten et al., 2022). The remarkable proximity of
FRB 20200120E has revealed radio bursts with an isotropic-equivalent spectral luminosity
2–3 orders of magnitude weaker than bursts from other repeating FRBs (Figure 3.10). Such
low luminosity bursts would not be detectable at the distance of any other precisely localized
repeating FRBs. Continued monitoring of FRB 20200120E will be important to compare the
energy distribution and activity rate with other repeaters.

Crab pulsar

We have discovered resolved structure in bursts from FRB 20200120E with durations of
∼ 5µs, down to ∼60ns, 2 orders of magnitude shorter timescales than have been probed
for FRBs, to date. Crab pulsar giant pulses (GPs) show temporal structure in the range µs –
ms, which sometimes resolve down to sub-nanosecond timescales, often referred to as ‘nano-
shots’ (Hankins et al., 2003). Crab nano-shots are known to be extremely energetic, with
brightness temperatures reported up to 1041 K (ignoring relativistic effects; Hankins & Eilek
2007). The sub-microsecond shots in B3 exhibit a comparable, extremely high brightness
temperature (again, ignoring relativistic effects; Figure 3.10). This is at least four orders of
magnitude higher than typically seen from the FRB population (1032–1037 K; Petroff et al.
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2019). In the line of sight to FRB 20200120E, the expected scatter broadening from the
Milky Way ISM is ∼ 50ns at 1.4GHz (Cordes & Lazio, 2002), in rough agreement with
our measured scintillation bandwidth (1/(2π∆νscint) ∼ 27ns). This implies that the ∼
60ns structure observed in this work is likely the shortest resolvable temporal scale at our
observing frequency.
Bursts B2, B3 and B4 are consistent with the Scintillating Amplitude Modulated Polarized
Shot Noise model (Methods §3.5), which has been used to describe many aspects of pulsar
emission, including GPs from the Crab pulsar (Cordes et al., 2004; Karuppusamy et al.,
2010). However, only B3 is observed to resolve down to microsecond and sub-microsecond
temporal scales. This is similar to observations of the Crab pulsar, where not all GPs resolve
down to individual nano-shots (Hankins & Eilek, 2007; Jessner et al., 2010). Furthermore,
most Crab GPs consist of at least one broadband ‘micro-burst’, with a characteristic timescale
of a fewmicroseconds (Hankins & Eilek, 2007; Hankins et al., 2016), similar to the structure
that can be seen in burst B3 at 1µs time resolution and consistent with the measured 1.11µs
timescale in the temporal ACF (Figures 3.7g & 3.11b). Sometimes, the Crab micro-bursts are
seen to resolve down to individual narrowband nano-shots (see e.g. Figure 4 of Hankins &
Eilek 2007), consistent with the features seen at 31.25 ns in burst B3.
Band-limited giant pulses from the Crab pulsar (Hankins & Eilek, 2007; Thulasiram & Lin,
2021; Bij et al., 2021), as well as from the ‘Crab’s twin’ pulsar PSR J0540−6919 (Geyer et al.,
2021), have been observed. These are reminiscent of the narrow-banded emission observed
from repeating FRBs. This adds further weight to the phenomenological connection of giant
pulse emission with FRBs.

Galactic magnetar SGR 1935+2154

The FRB 20200120E bursts also exhibit wider characteristic timescales of 10−100µs. These
wider components have isotropic-equivalent energies on the order of 1032−33 erg, which is
2–3 orders of magnitude weaker than the bright FRB-like radio burst from the Galactic
magnetar SGR 1935+2154 (Bochenek et al., 2020; CHIME/FRB Collaboration et al., 2020).
Thus, SGR 1935+2154 has produced more energetic radio bursts than some extragalactic
FRBs, eliminating the gap in luminosity (Figure 3.10) and thereby strengthening the connec-
tion between magnetars and FRBs. The observed energies are much lower than the proposed
low-energy cutoff at ∼1034 erg for the low-twist magnetar model (Wadiasingh et al., 2020),
implying that the FRB luminosity function does not abruptly end at ∼1034 erg. The bright-
ness temperatures of these wider components are ∼ 1032 K, comparable to SGR 1935+2154
(Bochenek et al., 2020; CHIME/FRB Collaboration et al., 2020), and also consistent with
the lower end of the observed FRB brightness temperatures (Figure 3.10).

Implications

Previously, it has been shown that millisecond-duration radio bursts from the Galactic mag-
netar SGR 1935+2154 span 7–8 orders of magnitude in apparent luminosity (Kirsten et al.,
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2021b), bridging from the brightest pulsars, to 1–2 orders of magnitude lower than the weak-
est known extragalactic FRBs. By probing FRB 20200120E at timescales of tens of nanosec-
onds, we highlight that this coherent radio source observationally links repeating FRBs with
GP emission from young pulsars, and the bright FRB-like emission from magnetars. The
timescales and luminosities measured in this work fill the gap in the luminosity-duration
phase space (Figure 3.10), further emphasising that observationally the division between
source populations (FRBs, pulsars, magnetars) is not clear.
Constraints on the shortest timescale variations in FRB lightcurves are key for understand-
ing the physical mechanism producing the bursts, and can ultimately reveal clues about the
progenitor. The observational connection to the Crab pulsar, SGR 1935+2154, and repeat-
ing FRBs, supports a common magnetically-powered emission mechanism spanning many
orders of magnitude in timescale and luminosity. The ∼60ns to 5µs timescales observed
in B3 correspond to a light-travel size of 20–1500m, ignoring relativistic effects. The sub-
microsecond timescales observed are too short to be naturally explainable via emission from
a synchrotron maser in a relativistic shock (Metzger et al., 2019), since it would require a
small region to be emitting at any given time. Nimmo et al. (2021) previously argued that
the short timescales observed in FRB 20180916B are more naturally explainable in the con-
text of a neutron star magnetospheric origin. The results presented here further support a
magnetospheric origin of the FRB emission.
Magnetic reconnection is one possible way to harness the magnetic energy to power
a coherent radiation mechanism that produces the radio emission. This has been pro-
posed to explain Crab nano-shots (Philippov et al., 2019), the FRB-like radio burst from
SGR 1935+2154 (Yuan et al., 2020), and FRBs (Lyubarsky, 2020; Lyutikov, 2021). A range
of temporal scales and magnetic energy releases can be expected from this mechanism,
which is consistent with the observed dynamic range of timescales, and large range of
FRB luminosities: from the weaker possible FRBs emitted by the relatively old magnetar
SGR 1935+2154, and the bursts from FRB 20200120E, to the more energetic FRBs poten-
tially coming from extragalactic young, active magnetars.
The observed timescales and luminosities from FRB 20200120E can be explained by mag-
netic reconnection events in the close vicinity of a relatively young, isolated, highly magne-
tized neutron star. The association of FRB 20200120E with an old globular cluster strongly
implies that, if the source is a magnetar, it was not formed through a core-collapse super-
nova (Kirsten et al., 2022). The globular cluster origin of FRB 20200120E also allows for
the exploration of alternatives to a magnetar progenitor: for example, a highly energetic
millisecond pulsar or an accreting system, in which case the observational similarities with
the Crab pulsar and SGR 1935+2154 are more coincidental.
Future observations of FRB 20200120E at observing frequency ≥ 5GHz (where the scatter
broadening will be lower), with a bandwidth > 200MHz, are needed to explore shorter
timescales. Continued monitoring of FRB 20200120E will provide statistics on the distribu-
tion of emission timescales and whether the burst activity is periodic, like FRB 20180916B
(Chime/Frb Collaboration et al., 2020). Such data will also help determine whether, e.g.,
there are quasi-periodic fluctuations in the burst lightcurves, hinted at in the case of
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FRB 20180916B (Nimmo et al., 2021), or a secular variation in the widths of burst en-
velopes.
Lastly, we highlight that the short timescales measured from FRB 20200120E in this work
motivate searches for a population of ultra-fast radio bursts, despite the considerable tech-
nical challenges that such a search entails.

3.5 Methods

In this section, we describe the analysis in more detail. Since this was an interferometric cam-
paign, we regularly observed a phase calibrator source (5.5minutes on target, 2.0minutes
on the calibrator). The total time on FRB 20200120E was 2.93 hr per observation.

Burst search

We performed two independent analyses on the single-dish Effelsberg data to search for
bursts from FRB 20200120E. The voltage data were converted to total-intensity filterbanks
using digifil with time and frequency resolutions of 64µs and 125 kHz, respectively. These
data were searched using a Heimdall-based pipeline and burst candidates were classified
using the machine learning classifier, FETCH (Agarwal et al., 2020). A more detailed descrip-
tion of this pipeline was presented in Kirsten et al. (2021b). In parallel, we also recorded
total intensity filterbanks using the PSRIX pulsar backend (Lazarus et al., 2016), with time
and frequency resolution of 102.4µs and 0.49MHz, respectively, and a total bandwidth of
250MHz. The PSRIX pulsar backend data were analysed using a PRESTO-based pipeline
(Ransom, 2001), and single pulse candidates were classified using an automated classifier
based on Michilli et al. (2018a). We recorded a test pulsar scan of PSR B0355+54 to inspect
the data quality.
Five bursts from FRB 20200120E were discovered in the search of the raw voltages using
the Heimdall-based search (B1 and B2 on 2021 February 20; B3 and B4 on 2021 March 7;
and B5 on 2021 April 28). Only four of the five bursts were found in the PSRIX data because
burst B1 occurred during the ∼40 s latency between the start of the VLBI recording and the
pulsar backend recording. Initially, B2 was flagged as radio frequency interference in the
PSRIX data by the automated classifier (Michilli et al., 2018a) due to strong scintillation
structure.

Data products

For further analysis of the burst properties — using full polarimetric information at a range
of time and frequency resolutions — we generated filterbank data from the raw voltages
using both SFXC (Keimpema et al., 2015) and digifil (van Straten & Bailes, 2011).
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SFXC

Using SFXC (phased array branch), we produced relatively low time resolution filterbank
data (8µs), in order to have sufficient spectral resolution (125 kHz) to study frequency
structure due to scintillation, and to determine the rotation measure (RM). The data are co-
herently dedispersed within the 16-MHz subbands, and incoherently dedispersed between
the subbands using a DM of 87.75 pc cm−3, which is within ∼ 0.003 pc cm−3 of the value
we measured using higher time resolution data (see below). This 0.003 pc cm−3 offset corre-
sponds to a dispersive delay, across the burst extent in frequency, that is less than the time
resolution. Using dspsr (van Straten & Bailes, 2011) we created archive files containing
each burst at the resolution of the filterbank data, and remove frequency channels from the
data that are contaminated by radio frequency interference using the psrchive tool pazi
(Hotan et al., 2004).
The real-sampled VDIF data with 16-MHz subbands allow for up to 31.25 ns time resolution.
Due to the Fast Fourier Transform-based (FFT-based) correlation and delay corrections im-
plemented in SFXC (phased array), the practical time resolution limit is 125 ns. In this case,
the data have 4 channels per subband. Since SFXC does not window the data before the FFT,
potential spectral leakage artefacts are a concern, especially in the case of a low number of
channels per subband. This data is used to study the polarimetry at high time resolution.
Additionally, we output coherently dedispersed total intensity (Stokes I) at the original data
sampling rate (i.e. no channelization within subbands) using the SFXC bolometer branch.
Here we have no concerns of spectral leakage or any other artefacts that may be introduced
at the channelization stage of the processing. Note that the VLBI backed, DBBC2 (Tuccari
et al., 2010), uses digital down conversion to create independent 16MHz subbands, meaning
that adjacent 31.25 ns samples are not correlated.

Digifil

We also used digifil to produce data at the highest-possible time resolution, in order to verify
the results presented in this work. digifil utilises a convolving filterbank, which reduces
spectral leakage effects (van Straten & Bailes, 2011). However, digifil converts to complex-
sampled data internally, resulting in a factor of 2 decrease in the time resolution for a given
number of channels (for the Nyquist limit). Thus, the best time resolution we can achieve
with our 16-MHz subbands is 62.5 ns. digifil produces one filterbank file per subband, and
the subbands are combined with incoherent dedispersion.
In both the digifil and SFXC data, the incoherent dedispersion between subbands is per-
formed with integer sample shifts.
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Figure 3.13: Constraining the dispersion measure (DM) using the short timescale structure in burst B3 from
FRB 20200120E. Using data products generated using SFXC (Keimpema et al., 2015), with a time and frequency
resolution of 500 ns and 1MHz, respectively, we coherently (within subbands) and incoherently (between subbands)
dedisperse to a range of DMs, downsample in time by a factor of 2, and compute the peak S/N of the frequency-
averaged profile (panel a). Also plotted in panel a is a Gaussian fit to the peak S/N as a function of DM, with the
best-fit DM (DM = 87.7527±0.0003 pc cm−3) shown by the grey line. Panel b shows the burst profile and panel c the
dynamic spectrum coherently and incoherently dedispersed to the best-fit DM. The time and frequency resolutions
used for plotting are 1µs and 16MHz, respectively. The red lines on the dynamic spectrum indicate the frequency
extent averaged over to determine the peak S/N per DM, and to produce the burst profile.

Refined dispersion measure determination

At the native time resolution of the voltage data (31.25 ns), the DM must be correct to
< 0.0005 pc cm−3 to avoid DM smearing across the 256MHz bandwidth larger than the
time bin width.
To limit potential spectral leakage artefacts in the SFXC data, we produced 500ns time res-
olution filterbank files, with 16 channels per subband (1MHz channels), at a range of DM
values around the expected DM (determined by eye in the dynamic spectrum of burst B3).
The data are coherently dedispersed within the 16MHz subbands, and each subband is then
time shifted to correct for dispersive delay, to limit DM smearing within each channel, and
across the band. These data were then downsampled in time to 1µs (i.e. a downsampling fac-
tor of 2). The reason for producing the data products in this way, as opposed to creating 1µs
resolution data with higher frequency resolution, is to minimise smearing due to incoherent
dedispersion between subbands (integer bin shift). We can accurately determine the DM
of burst B3 by maximizing the S/N of the bright ∼ 5µs component (Figure 3.13), despite
any downward-drifting, ‘sad-trombone’ effect, that may be present in the burst dynamic spec-
trum. This is because by maximizing the S/N of the narrow temporal structure, we are essen-
tially maximizing the structure in the burst (as opposed to maximizing the S/N of the entire
burst, which has been shown to incorrectly represent the DM, e.g. Gajjar et al. 2018). In
Figure 3.13, we plot the peak S/N of the burst profile as a function of DM, and fit a Gaussian
function to determine the best DM. We search for a DM in the range 87.74−87.765 pc cm−3
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in steps of 0.001 pc cm−3 and find that the best DM is DM= 87.7527 ± 0.0003 pc cm−3,
where the uncertainty is determined by σ/A, where σ and A are the standard deviation
and amplitude of the Gaussian fit, respectively. We note that the range of DMs searched
does not include the previously measured DM (Bhardwaj et al., 2021a), since the dynamic
spectrum of burst B3 is visibly over-corrected when dedispersed to this value. Both measure-
ments of the DM use the same dispersion constant of 1/(2.41×10−4)MHz2 pc−1 cm3 s, thus
they can be directly compared.
In panels c and d of Figure 3.13 we plot the burst profile and dynamic spectrum coher-
ently (within channels) and incoherently (between subbands) dedispersed to this best-fit
DM, respectively. This analysis was repeated on digifil filterbank data products generated
with 62.5 ns time and 16MHz frequency resolution, coherently and incoherently dedis-
persed, and then downsampled to 1µs time resolution. We find a consistent DM value from
digifil and SFXC data (noting also that both softwares use the same dispersion constant of
1/(2.41×10−4)MHz2 pc−1 cm3 s).
We assume the same DM for all bursts in our sample.

Scintillating Amplitude Modulated Polarized Shot Noise

In the uncertainty principle limit δtδν ∼ 1, where δt and δν are the time and frequency
resolution (respectively) of individual samples, the off-burst noise is χ

2-distributed with 2
degrees of freedom (Figure 3.1b). For a modestly broadband noise-like signal, the statistics
are χ

2-distributed where the degrees of freedom depend on the polarization fraction. We
perform a least-squares fit of a χ

2-distribution to the on-burst distribution and find the best
fit to have 2 degrees of freedom, consistent with 100% polarized Scintillating Amplitude
Modulated Polarized Shot Noise (SAMPSN; Cordes 1976). The superposition of the off-burst
χ

2-distribution and the on-burst χ
2-distribution reasonably describes the total burst S/N

distribution, where the residuals can likely be attributed to the fact that the shape of the
burst envelope is not well-modelled.
Due to strong spectral dips near the subband edges, sufficient frequency resolution is re-
quired in order to robustly correct the bandpass and compare individual bin spectra with
each other. We therefore created a 1µs, 500 kHz filterbank using SFXC. Shown in Figure 3.11
is the correlation coefficient between individual 1µs time bins above a S/N threshold of 9
in burst B3, as a function of their time separation. We find that the correlation coefficients
have a geometric mean S/N weighted average of 0.31. The scintillation frequency structure
is expected to be perfectly correlated within the duration of the burst (we observe that the B1
and B2 spectra, separated by 4.3minutes, are correlated; Figure 3.14), while the Amplitude
Modulated Polarized Shot Noise frequency structure will change depending on the degree
of polarization (Cordes et al., 2004). SAMPSN predicts a correlation coefficient of

ρ = 1

2 + p
2
frac

, (3.1)
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Figure 3.14: Comparing the time-averaged spectra between bursts detected close in time. Panel a shows the time-
averaged spectra for B1 (black) and B2 (grey). Panel b shows the time-averaged spectra for B3 (grey) and B4 (black).
In the top right of each panel, we quote the time between the two bursts in the plot, δt, and the correlation coefficient
of the burst spectra, R.

where pfrac is the total polarization fraction. Our measured ρ = 0.31 implies that the signal
is 100% polarized, consistent with the high linear polarization fraction we measure in the
frequency-averaged burst profiles (Figure 3.2), and the on-burst S/N distribution.
For B2 and B4, we find a weighted average correlation coefficient of the individual 1µs
time bin spectra (above a S/N of 9) of 0.19±0.001 and 0.16±0.001, respectively, signif-
icantly lower than the 0.33 expectation for SAMPSN (Cordes et al., 2004), and the 0.31
measured from B3, but also significantly greater than 0. This is consistent with highly po-
larized SAMPSN (similar to B3), where potentially the lower correlation coefficient can be
attributed to low S/N and/or sparseness of shot pulses. This is consistent with the lack of
evidence for resolved shots of emission in the high time resolution profiles of bursts B2 and
B4 (Figure 3.3).

Resolved sub-microsecond emission?

To test whether the sub-microsecond temporal structures we observe are isolated shots of
emission or, alternatively, consistent with AMN, we compare the high S/N features with the
local brightness distribution. For burst B3, which exhibits envelope fluctuations on the µs
level (Figure 3.11b), we define the local distribution as ±1.5625µs (±50 bins) around the
brightest feature (which we wish to measure the significance of). We take this range of bins
to ensure that we are including enough samples to measure the local distribution, and to
ensure we are not taking too many samples such that we lose the information about the
burst envelope locally. Using an Anderson-Darling test (Stephens, 1974), we confirm that
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this local distribution is exponentially distributed. Note that since we cannot distinguish (by
eye) between temporal spikes that are due to AMN versus individual emission spikes, we
include all time bins (within the range mentioned), excluding the central feature, in the
distribution; therefore, the probabilities measured are lower-limits. We fit a χ

2-distribution
with 2 degrees of freedom, using a least-squares fit, to the S/N values within the range
defining the local distribution. This distribution is expected for 100% polarized SAMPSN
(Cordes, 1976). For the high S/N, 2-bin wide feature in burst B3 (Time= 0, Figure 3.1), the
probability of drawing this from the local distribution is p= 4 × 10−8 × 100 bins/2 = 2 ×
10−6 (Figure 3.3), i.e. inconsistent with AMN, supporting that this component is a resolved,
isolated shot of emission.
We repeated the same analysis on bursts B2 and B4, since they have sufficient S/N to study
at the highest time resolution. For B2 we created the temporal profile at 31.25 ns using the
subband 1302–1318MHz, and for B4 we use subband 1398–1414MHz: in both cases this
is the subband containing the brightest spectral feature (Figure 3.3). In the case of B3, at
the highest time resolution there are temporal fluctuations that are multiple bins wide. In
contrast, the only bright structure in both B2 and B4 at the highest time resolution are un-
resolved single-bin spikes. Given that the frequency extent of the bright spectral feature is
less than the subband width of 16MHz (we attribute the spectral features to scintillation;
see below), this results in an effective time resolution lower than the sampling resolution.
Single bin spikes in this case are therefore more likely to be consistent with the noise process.
We tested the significance of the brightest unresolved structure using the same method as
described for B3. Again, we confirm that the local distribution around the structure of in-
terest is exponentially distributed using an Anderson-Darling test (Stephens, 1974). The
probability of the highest unresolved spike in B2 and B4 is p = 1 × 10−4 × 100 bins = 0.01
and p= 4 × 10−4 × 100 bins = 0.04, respectively. Given the effective resolution argument
above, combined with the high probabilities of occurring by chance, there is not strong ev-
idence supporting that these structures are isolated, unresolved shots of emission. Instead,
we conclude that these features are consistent with the χ

2 AMN distribution.

Temporal ACF and power spectrum

In Figures 3.7–3.9, we present each coherently dedispersed subband of burst B3, B2 and
B4, respectively, (covering the frequency extent of the burst) at 31.25 ns resolution. This
is essentially the burst dynamic spectrum at poor frequency resolution. We select the four
brightest subbands that contain the most burst structure, and computed the ACF of the time
profile. These ACFs were averaged together and shown in panel e of Figures 3.7–3.9. The
reason for computing the ACF in this manner, as opposed to creating a frequency-averaged
profile and computing the ACF, is to limit the smearing due to inaccuracies in the inco-
herent dedispersion (the subbands are shifted by an integer number of bins). For all three
bursts, we measure a characteristic timescale on the order of 10µs, determined by fitting a
Lorentzian function to the ACF (out to a time lag that is chosen by eye, to help the fitting dis-
tinguish between multiple timescales). This timescale is consistent with the full burst extent
in time. In burst B3, we measure an additional two timescales: a clear 1.11µs timescale, and
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even a shorter timescale (40 ns) consistent with temporal structure on the few-bin level (Fig-
ure 3.7f–h). For B4, we additionally measure a short-temporal scale suggesting that there
is temporal structure of a few-bins in the B4 31.25 ns profile (Figure 3.9g). Although, it is
worth noting that the height of this narrow ACF feature relative to the wider ACF feature
(height of the cyan Lorentzian relative to the green Lorentzian in Figures 3.7h and 3.9g)
is smaller for B4 than B3, implying either that the S/N of these temporal fluctuations are
lower, or that there are fewer temporal features on this timescale. In B2, we see no evidence
for power on shorter timescales in the ACF (Figure 3.8e–f).
The burst power spectra are presented in panel c of Figures 3.7–3.9. We perform a Bayesian
maximum likelihood fit of a power law (red noise) plus constant (white noise) of the form

f(ν) = Aν
−α + C, (3.2)

where A is the amplitude, α is the slope of the power law, and C is a white noise component,
to the power spectrum, using the Stingray modelling interface (Huppenkothen et al., 2019).
Additionally, we fit a red noise plus white noise plus Lorentzian model to the data, to search
for the presence of a quasi-periodic oscillation (QPO). This search was motivated by the hint
of structure in the ACF of bursts from FRB 20180916B (Nimmo et al., 2021), and additionally,
the low amplitude, wide frequency bump seen by eye in the downsampled power spectrum
of burst B3 (Figure 3.7c). First, we compute the Bayesian Information Criterion for each
model fit, defined as

BIC = −2ln(L) + kln(n), (3.3)
where L is the maximum likelihood of the fit, k is the number of parameters in the model,
and n is the number of data points. A lower BIC implies the data is better represented by that
model, although it does not mean that the preferred model is a good fit to the data. Since
the number of model parameters k is included in the BIC, models with more parameters are
penalized to avoid overfitting the data. Here we computed the ∆BIC = BICP L−BICP L+lor,
where BICP L is the BIC of the red noise model, and BICP L+lor is the BIC of the red noise
plus QPO model. For B3, we measure a ∆BIC= −12.1, which is significantly in favor of the
red noise model. We then measure the goodness-of-fit p-value of the red noise model, which
is the fraction of 100 simulations (using the MCMC package emcee; Foreman-Mackey et al.
2013) with a maximum likelihood lower than the likelihood of our fit. This p-value is 0.53,
implying the fit to the data is good. Finally, we test the significance of the highest outlier in
the residuals of our best-fit model. The residuals are defined as

R(ν) = 2P (ν)
M(ν) , (3.4)

for the power spectrum P (ν) and best-fit model M(ν). By simulating 100 power spectra
from the posterior distribution (using emcee) and computing the highest outlier for each
simulation, we can compute a p-value (the fraction of simulated outliers that are higher
than our measured outlier). We find no significant outliers in the residuals, implying we
have no evidence of a QPO in the data. The power spectra of B2 and B4 are also found to be
consistent with red noise. A summary of the ∆BIC, red noise goodness-of-fit p-value with
power law index, and p-value of outliers are presented in Table 3.3.
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Table 3.3: High time resolution autocorrelation function and power spectra results.
Burst Characteristic timescales [µs] Red. χ

2 a Power law index b ∆ Bayesian Goodness of fit Outlier
Information Criterionc p-valued p-valuee

B2 28.5±0.2 2.0 1.85 ± 0.04 −20.5 0.50 0.98
B3 0.04±0.3, 1.1±0.4, 35.6±0.5 2.4, 1.64, 1.3 1.46 ± 0.05 −12.1 0.53 0.99
B4 0.05±0.02, 64.1±1.5 2.7,1.9 2.04 ± 0.05 −15.4 0.66 0.97
a The reduced χ

2 of the Lorenzian fit to the high time resolution ACF in Figures 3.7–3.9.
b The power law index measured for the power spectra.
c Metric for model comparison (BIC for power law red noise model − BIC for power law plus Lorentzian).
d Goodness of fit of the best fit model.
e p-value of the highest outlier in the residuals of the power spectrum.

3.6 Supplementary Information

Fluence and luminosity

The burst profiles, in S/N units, are converted to physical units (flux density, Jy) using
the radiometer equation (Cordes & McLaughlin, 2003), using typical values for Effelsberg’s
1.4GHz receiver temperature (20K) and gain (1.54 Jy K−1). We expect these system values
to be accurate to within 20%, which dominates the errors on the peak flux density and flu-
ence (note that the peak flux density depends strongly on the time resolution used, and the
values reported in Table 3.1 are calculated using a time resolution of 8µs). We additionally
consider a sky background temperature of 0.8 K, by extrapolating from the 408MHz map
(Remazeilles et al., 2015), using a spectral index of −2.7 (Reich & Reich, 1988), and adding
a 3K contribution from the cosmic microwave background (Mather et al., 1994). For the 8µs
burst profiles, we report the peak S/N, peak flux density and fluence (measured in the ±2σ

width region) in Table 3.1. We also report the isotropic-equivalent spectral luminosity of the
bursts, taking the distance to FRB 20200120E as 3.63±0.34Mpc (Kirsten et al., 2022).

Burst temporal extent and spectral structure

We performed a 2-dimensional Gaussian fit to the burst dynamic spectra (Figure 3.2), to
determine the burst extents in time and frequency. The measured widths were clearly un-
derestimated compared with what can be seen by eye in the dynamic spectra, likely since
the bursts are not well-modelled by a 2-dimensional Gaussian function. In the case of B1,
B3, B4, and B5 we use the Gaussian mean in time as the Time=0 reference in Figure 3.2,
and use this to calculate the burst time of arrival corrected to the Solar System Barycenter
at infinite frequency, reported in Table 3.1. For B2, since there are two clear burst compo-
nents, we fit a 2-dimensional Gaussian to each and determined the Time=0 reference as the
center of the means of those Gaussians. Note that we do not fit pulse broadening functions
to estimate the scattering timescale since the estimated scattering timescale from the Milky
Way ISM is ∼50ns (<< 8µs) at 1.4GHz (Cordes & Lazio, 2002), and is consistent with the
frequency structure we attribute to scintillation (see below).
To more accurately determine the burst widths, we performed a 2-dimensional autocorrela-
tion of the dynamic spectra, and fit these with 2-dimensional Gaussian functions (Figure 3.4).
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Note the zero-lag noise spike is removed from this ACF. We convert the standard deviation of
this Gaussian fit (in both time and frequency) to a full-width at half-maximum (FWHM) by
multiplying the standard deviation by the factor 2

√
2ln(2). We report the burst time width

(twid = 1/
√

2 × FWHM) and frequency extent (νwid = FWHM) in Table 3.1. In Figure 3.2,
the colored bars below each burst profile indicate the ±2σ width used for calculations of
the fluence and polarization fractions.
In addition to the frequency extent measured with the 2-dimensional ACF, there is another,
narrower frequency scale evident in the one-dimensional frequency ACF (or simply by eye
in the dynamic spectra of the bright bursts). Shown in Figure 3.6a is the frequency ACF
after subtracting the larger frequency scale Gaussian. We perform a least-squares fit of a
Lorentzian function to the center of this ACF (defined by eye using the clearly visible central
feature in the ACF; Figure 3.6a). A Lorentzian frequency ACF is expected for scintillation
(Rickett, 1990). The fit function is of the form

a

x
2 + ν

2
scale

+ b, (3.5)

where a is the amplitude, b is a vertical offset, and νscale is the scintillation bandwidth
(defined as the half-width at half-maximum of the ACF; Rickett 1990). The scintillation
bandwidth measurements are reported in Table 3.1. The Galactic ISM is expected to in-
troduce a broadening due to scattering of ∼ 50ns (at 1.4GHz) along this line-of-sight
(Cordes & Lazio, 2002), in rough agreement with our measured scintillation bandwidth
(1/(2π∆νscint) ∼ 27ns). We therefore attribute this narrower spectral structure to scintilla-
tion from the Milky Way ISM. This interpretation is supported by the stronger correlation
in the spectrum of two bursts (B1 and B2) separated by 4.3 minutes, compared to the lack
of correlation between bursts B3 and B4, which are separated by 2.5 hrs (Figure 3.14). The
expected scintillation time is ∼ 10 minutes (at 1.4GHz) at high Galactic latitudes, which
is dependent on an effective velocity (the assumption for Galactic sources is 100 km s−1;
Cordes & Lazio 1991, 2002). This effective velocity is likely smaller for an extragalactic
source than for a Galactic pulsar in the same line of sight, since the effective velocity is usu-
ally dominated by the velocity of the pulsar. Assuming an effective velocity of ∼ 30 km s−1,
the expected scintillation time will be ∼ 30 minutes (at 1.4GHz), consistent with the decor-
relation timescale constraints using FRB 20200120E.

Polarization calibration

To study the polarization properties of the bursts, we must first calibrate the data. In these
observations, we did not record a noise diode scan to use for delay calibration; instead, we
use the test pulsar data, also taken to inspect the general data quality, to calibrate the polari-
metric data. This analysis strategy has been used successfully in previous work to determine
the polarimetric properties of radio bursts from the Galactic magnetar SGR 1935+2154, de-
tected using voltage data of the Westerbork RT1 VLBI backend (Kirsten et al., 2021b), and
also in a study of the repeating FRB 20180916B, using data from the Effelsberg telescope
as part of an EVN campaign (Nimmo et al., 2021). Since we detected bursts on separate
epochs, we calibrate the data using the test pulsar scan closest in time to the bursts. B1 and
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B2 are < 1hr from the PSR B0355+54 calibration scan, and B3 and B4 are ∼ 4hr and
< 2hr from the PSR B0355+54 scan, respectively. We note that we could not recover the
polarimetric properties of burst B5 likely due to the low S/N of the burst, and so the April
28 epoch is omitted from the remainder of this section.
The data could exhibit leakage between the polarization channels, which we assume only
significantly affects Stokes V (defined as V=LL−RR using the PSR/IEEE convention; van
Straten et al. 2010). In the pulsar data, without calibrating the leakage, we reproduce the
circular polarization fraction to within 3% and 1% of the published values (Gould & Lyne,
1998), for the Feb 20 and Mar 7 epochs, respectively. We, therefore, apply no leakage cali-
bration.
A delay between the polarization hands is more crucial to correct for since it can significantly
impact our interpretation of the linear polarization fraction and RM. Using the known RM of
PSR B0355+54, 79 radm−2 (Taylor et al., 1993), we performed a brute-force search for the
delay between polarization hands, D, that maximises the linear polarization, by rotating
the data using the factor

e−2iRM(c
2
/ν

2)e−2iνπD
, (3.6)

where c is the speed of light and ν is the frequency in Hz. We searched for delays between
−15 and 15ns, in steps of 0.01 ns. Note that previous work with the VLBI recorder at Effels-
berg showed an instrumental delay of 5.4 ns (Nimmo et al., 2021). The estimated delays are
−0.18ns and −4.11ns for the Feb 20 and Mar 7 observations, respectively.
After removing the effect of the estimated delays, we performed RM synthesis (Brentjens &
de Bruyn, 2005) on the burst data to estimate the RMs of the bursts. The Faraday spectra
for each burst are shown in Figure 3.5a.
To refine the RM and delay measurements further, we performed a joint least squares fit
of Stokes Q and U spectra normalised by the linear polarization L=

√
Q2 + U2, using the

following equations
Q/L = cos(2(c2RM/ν

2 + νπD + ϕ)), (3.7)

U/L = sin(2(c2RM/ν
2 + νπD + ϕ)), (3.8)

where ϕ is a linear combination of the absolute angle of polarisation on the sky (referenced to
infinite frequency) and the phase difference between the R and L polarisation channels. The
estimates of the delay and RM are given as initial guesses to the fit, and we simultaneously
fit the pulsar and the two bursts from the same observational epoch. We force the delay to be
the same between the pulsar and FRB data, fix to the known RM of the pulsar (79 radm−2),
and initially we allow for a different RM per burst. The measured delays are −0.22 ±0.02 ns
and −4.16 ±0.03 ns, for the Feb 20 and Mar 7 observations, respectively, and the measured
RMs are presented in Table 3.2. The QU-fits are shown in Figure 3.5. The measured RMs
have large uncertainties due to covariances between the fit parameters, which is difficult to
alleviate due to the low number of rotations (due to either RM or delay) across the burst
frequency extent. We conclude that the bursts in this work have consistent RM values (B2’s
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RM is slightly over 3σ from B3, but this apparent difference should be verified in future ob-
servations of this source using an independent delay calibrator), which is also in agreement
with the previously reported RM (−29.8 radm−2; Bhardwaj et al. 2021a). We note that nei-
ther this work nor Bhardwaj et al. (2021a) correct for the ionospheric contribution to the
RM, but this effect is likely to be ≲ 2 radm−2.
The data for each burst were then corrected for themeasured delay and RM. The polarization
position angle (PPA) was calculated using the following equation:

PPA = 0.5 arctan
(

U

Q

)
, (3.9)

and, to correct for the parallactic angle, this is rotated by

θ = 2 tan−1

(
sin(HA) cos(ϕlat)

(sin(ϕlat) cos(δ) − cos(ϕlat) sin(δ) cos(HA)

)
, (3.10)

where HA is the hour angle of the burst, ϕlat is the latitude of the Effelsberg telescope, and
δ is the declination of FRB 20200120E. Due to the fact that our observations did not feature
an independent polarization calibrator scan, there remains an uncalibrated absolute phase
offset in the data. Therefore, we cannot compare the PPAs between our two observational
epochs, or with other PPA measurements of FRB 20200120E. By allowing for individual RM
values per burst, we find that B1 and B2 exhibit a ∆PPA of 28.5◦, and the ∆PPA between B3
and B4 is 21.7◦. The unbiased linear polarization is computed following Everett & Weisberg
(2001), where

Lunbias =

σI

√(
Lmeas

σI

)2

− 1, if Lmeas
σI

≥ 1.57

0, otherwise
(3.11)

where Lmeas =
√

Q
2 + U

2, and σI is the standard deviation in the off-burst Stokes I data.
Bursts B1 – B4 are highly linearly polarized (> 90%), and exhibit little-to-no evidence for
circular polarization. There is a tentative 3 – 4σ detection of 13% and 6% circular polar-
ization in B2 and B4, respectively. The linear and circular fractions, as well as the PPA offset
from a weighted mean PPA of bursts from a single epoch, are presented in Table 3.2, and
the polarization profile and PPA for each burst is shown in Figure 3.2.
It has been seen in the literature that some repeating FRBs exhibit a constant PPA
(∆(PPA) < 10◦) and RM per observing epoch (Michilli et al., 2018b; Nimmo et al., 2021).
Therefore, in addition to the individual burst RM measurements, we fit for a global RM per
observing epoch. In this global fit, we find that the PPA of B1 and B2 differ by 68.3◦ (Ta-
ble 3.2). This large∆PPAmay result from the low S/N of burst B1. The∆PPA between B3 and
B4 in this global fit is 23.6◦, comparable to the difference we measured in the independent-
RM fit above, unsurprising given the very similar RM values in the independent fits.
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Abstract

The repeating fast radio burst (FRB) source FRB 20200120E is exceptional because of its
proximity (d = 3.6Mpc) and association with a globular cluster. Here we report 60 bursts
detected with the 100-m Effelsberg telescope at 1.4GHz. We observe large variations in the
burst rate, and report the first FRB 20200120E ‘burst storm’, where the source suddenly be-
came active and 53 bursts occurred within only 40 minutes. We find no strict periodicity in
the burst arrival times during the storm, nor any evidence for periodicity in the source’s ac-
tivity between observations. The burst storm shows a steep burst energy distribution (power-
law index α = 2.39±0.12) and a bi-modal wait-time distribution, with log-normal means of
0.94+0.07

−0.06 s and 23.61+3.06
−2.71 s. We attribute these peaks in the wait-time distribution to a char-

acteristic event timescale and pseudo-Poisson burst rate, respectively. The secondary wait-
time peak at ∼ 1 s is ∼ 50× longer than the ∼ 30ms timescale seen for both FRB 20121102A
and FRB 20201124A — potentially indicating a larger emission region, or slower burst
propagation through this region. At the same time, FRB 20200120E shows, on average,
order-of-magnitude lower burst durations and luminosities compared with FRB 20121102A
and FRB 20201124A. Lastly, in contrast to FRB 20121102A, which has observed disper-
sion measure (DM) variations of ∆DM > 1 pc cm−3 on month-to-year timescales, we de-
termine that the DM of FRB 20200120E has remained stable (∆DM < 0.15 pc cm−3) be-
tweenmeasurements separated by > 10months. Overall, the observational characteristics of
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FRB 20200120E deviate quantitatively from other active repeaters, but it is unclear whether
it is qualitatively a different type of source.



4

89

4.1 Introduction

Fast radio bursts (FRBs) are highly luminous, millisecond-duration radio transients, originat-
ing at extragalactic distances (Lorimer et al., 2007; Thornton et al., 2013). Despite 15 years
of research in the field (for recent reviews see, e.g., Petroff et al. 2019, 2022; Cordes & Chat-
terjee 2019), and more than 600 FRBs discovered to date (e.g., CHIME/FRB Collaboration
et al. 2021), their nature is still debated. The diverse burst phenomenology (Pleunis et al.,
2021a), including a relatively small fraction (∼ 4%) of FRB sources exhibiting repeating
bursts (Spitler et al., 2016), potentially indicates multiple FRB origins. Athough FRBs are
highly luminous, their large extragalactic distances (typically hundreds of megaparsecs to
gigaparsecs) mean that we are strongly sensitivity limited, and therefore only observe the
bright end of the distribution of potentially observable fast radio transients.
FRBs in the local Universe (luminosity distance dL < a few hundred Mpc) provide us with
the unique opportunity to connect our knowledge of fast radio transients in the Milky Way
and its satellites — e.g., the Crab pulsar (Hankins & Eilek, 2007), the ‘Crab twin’ in the
Large Magellanic Cloud PSR B0540−69 (Geyer et al., 2021) and the Galactic magnetar
SGR 1935+2154 (CHIME/FRB Collaboration et al., 2020; Bochenek et al., 2020) — to the
much more distant FRB population. We can do this through detailed characterisation of their
local environments (e.g., Marcote et al. 2020; Tendulkar et al. 2021; Kirsten et al. 2022), by
applying strong constraints on multi-wavelength counterparts to the radio emission (Scholz
et al., 2020), and by conducting higher-sensitivity searches for low-luminosity FRBs (Kirsten
et al., 2022; Nimmo et al., 2022a; Majid et al., 2021).
The closest known extragalactic FRB discovered to date, FRB 20200120E (Bhardwaj et al.,
2021a), was discovered by the Canadian Hydrogen Intensity Mapping Experiment FRB
project (CHIME/FRB; CHIME/FRB Collaboration et al. 2018) and subsequently precisely
localised using the European Very long baseline interferometry (VLBI) Network (EVN) to
a globular cluster in the M81 galactic system (Kirsten et al., 2022). Not only is the globu-
lar cluster origin of FRB 20200120E in stark contrast to the star-forming environments of
other well-studied repeating FRBs (Chatterjee et al., 2017; Marcote et al., 2017; Bassa et al.,
2017; Marcote et al., 2020; Tendulkar et al., 2021; Nimmo et al., 2022b; Fong et al., 2021;
Ravi et al., 2022), but the luminosities of the bursts are 1–2 orders of magnitude weaker
than those observed from other repeaters, and even less luminous than the bright FRB-like
transient from SGR 1935+2154 (CHIME/FRB Collaboration et al., 2020; Bochenek et al.,
2020). Furthermore, the FRB 20200120E burst widths are atypically narrow (a factor of
∼ 30 shorter than typical FRB 20121102A bursts at a comparable frequency; Nimmo et al.
2022a; Majid et al. 2021; Li et al. 2021).
Nimmo et al. (2022a) discuss the observational connections between FRB 20200120E, the
Crab pulsar, the Galactic magnetar SGR 1935+2154, and the more distant FRBs using the
measured luminosities, range of burst timescales, burst morphologies, and polarimetry. In
doing so, they highlight the spectrum of short-duration radio emission spanningmany orders
of magnitude in luminosity and timescales, and emphasise that the exact division between
transient types (e.g., pulsar and FRB emission) is presently unclear.
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Figure 4.1: Summary of the observations of FRB 20200120E presented in this work, in addition to those reported in
Kirsten et al. (2022) and Nimmo et al. (2022a). The coloured lines show the observation epochs (where colour signifies
the observation type, as described in Section 4.2). The cross markers show the average burst rate per observing epoch,
unless there were no detections. For a tabular version of this information, see Table 4.1.

To date, only 14 bursts from FRB 20200120E have been reported in the literature (Bhard-
waj et al., 2021a; Nimmo et al., 2022a; Majid et al., 2021)1. A larger sample of bursts from
FRB 20200120E provides the ability to probe its time-variable activity, search for any under-
lying periodicity and study the energy and wait-time distributions to compare with similar
studies of Galactic neutron stars, and other repeating FRBs.
Here we report the detection of 60 new bursts from FRB 20200120E, detected via monitoring
with the 100-m Effelsberg telescope at 1.4GHz from 2021 April to 2022 April. During this
monitoring, we report the first observed ‘burst storm’ from FRB 20200120E where 53 of
the 60 bursts occurred within a ∼ 40minute time window. In Section 4.2 we describe the
Effelsberg monitoring observations, and the data products. In Section 4.3 we describe the
search for bursts, followed by a description of the burst analysis and results in Section 4.4. In
Section 4.5, we discuss our results in the context of previous FRB observations, and compare
with observations of Galactic neutron stars, before presenting the conclusions of this work
in Section 4.6.

4.2 Observations

Between December 11 2021 and April 24 2022, we monitored FRB 20200120E (using the
EVN-PRECISE2 position; Kirsten et al. 2022) with the 100-m Effelsberg telescope using the
recently developed Effelsberg Direct Digitization (EDD) backend operating in baseband-

1Additional CHIME/FRB bursts are reported on in the CHIME/FRB public database.
2Pinpointing Repeating Chime Sources with the EVN

https://www.chime-frb.ca/repeaters/FRB20200120E
https://www.ira.inaf.it/precise/Home.html
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mode. This allowed us to simultaneously record total intensity pulsar backend psrfits (Hotan
et al., 2004) data with time and frequency resolution of 40.96µs and 0.1953MHz, respec-
tively (exceptions to this are noted in Table 4.1), alongside the raw voltages (‘baseband’ data,
dual circular polarisation) in Data Acquisition and Distributed Analysis (DADA) format (van
Straten et al., 2021) sampled at 1/400MHz. We used the central pixel of the 7-beam 21-
cm receiver, with an observing bandwidth from 1.2–1.6GHz. In total, we have observed for
28.4 hr using this observing setup, which is summarised in Table 4.1. We recorded psrfits
data of the test pulsar B0355+54. Due to an incorrect observing set-up, the raw voltages of
2022 February 21 and 22 (MJDs 59631, 59632) were not recorded.
We add the EVN-PRECISE observations originally reported in Kirsten et al. (2022) and
Nimmo et al. (2022a) to Table 4.1, with an additional three PRECISE observations using
the VLBI backend that occurred on 2021 June 6, September 2 and September 5. Using
the VLBI Digital Base Band Converter (DBBC2; Tuccari et al. 2010) backend at Effelsberg,
these observations recorded baseband data with dual circular polarisation (2-bit sampling)
in VDIF (Whitney et al., 2010) format. Additionally, we recorded total intensity filterbank
data with the PSRIX pulsar backend (Lazarus et al., 2016) with a time and frequency reso-
lution of 102.4µs and 0.49MHz, respectively. The observing bandwidth is 1255–1505MHz
and the total observing time using this observing setup is 63.6 hr (all but 12.1 hr originally
reported in Kirsten et al. 2022 and Nimmo et al. 2022a). Note that these are VLBI obser-
vations, and therefore had frequent scans of calibrator sources. In such cases, the time on
source is therefore approximately 65% of the reported times.
Furthermore, we also report on observations obtained through Director’s Discretionary Time
at Effelsberg between 2021 April 9 and 2021 May 1. These observations were using the
PSRIX pulsar backend in baseband-mode: recording total intensity filterbank data products
with time and frequency resolution of 65.5µs and 0.24MHz, respectively, simultaneously
with the raw voltages (dual circular). The observing bandwidth is 1233–1483MHz, and
total observing time with this setup is 13.7 hr.
All of the observations are summarised in Table 4.1 and Figure 4.1.

4.3 Burst search and discovery

4.3.1 EDD baseband-mode

The total intensity EDD psrfits data were first converted to filterbank format using digifil
(van Straten & Bailes, 2011), at the native resolution of the data, to be compatible with
Heimdall3. Frequency channels in our observing band that frequently contain radio fre-
quency interference (RFI) were masked before searching for single pulses with Heimdall,
using a S/N threshold of 7. Candidates found in the Heimdall search were then classified us-
ing FETCH (models A and H, probability threshold 0.5; Agarwal et al. 2020). We inspected
the FETCH candidate plots by eye, and also the plots of any Heimdall candidate within
±3 pc cm−3 of the known FRB dispersion measure (DM) and above a S/N threshold of 10.
3https://sourceforge.net/projects/heimdall-astro/
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Table 4.1: FRB 20200120E Effelsberg monitoring observation details.
Start MJDa Duration [hr] Observation type Number of bursts Average burst rate [/hr]
59265.708b 4.99 PRECISE, VLBI backend 2 0.4+2.0

−0.4

59280.656b 4.99 PRECISE, VLBI backend 2 0.4+2.0
−0.4

59283.792b 4.99 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59289.750b 4.99 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59295.667b 4.99 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59313.437 0.07 PSRIX baseband-mode 0 0.0+1.8
−0.0

59313.458 1.00 PSRIX baseband-mode 0 0.0+1.8
−0.0

59314.508 2.21 PSRIX baseband-mode 0 0.0+1.8
−0.0

59314.887b 2.04 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59315.191 0.89 PSRIX baseband-mode 0 0.0+1.8
−0.0

59316.235 1.17 PSRIX baseband-mode 0 0.0+1.8
−0.0

59320.828 2.22 PSRIX baseband-mode 0 0.0+1.8
−0.0

59322.514 2.00 PSRIX baseband-mode 0 0.0+1.8
−0.0

59332.458b 4.99 PRECISE, VLBI backend 1 0.2+1.9
−0.2

59334.807 2.08 PSRIX baseband-mode 0 0.0+1.8
−0.0

59335.634 2.01 PSRIX baseband-mode 0 0.0+1.8
−0.0

59336.708b 7.01 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59344.771b 2.50 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59347.625b 4.99 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59360.708b 4.99 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59371.234 2.48 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59459.027 4.50 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59462.168 5.11 PRECISE, VLBI backend 0 0.0+1.8
−0.0

59559.584c 2.00 EDD baseband-mode 0 0.0+1.8
−0.0

59564.902 2.00 EDD baseband-mode 0 0.0+1.8
−0.0

59571.573 2.00 EDD baseband-mode 0 0.0+1.8
−0.0

59575.735 1.38 EDD baseband-mode 0 0.0+1.8
−0.0

59578.622 2.00 EDD baseband-mode 0 0.0+1.8
−0.0

59582.677 0.20 EDD baseband-mode 0 0.0+1.8
−0.0

59582.785 0.50 EDD baseband-mode 0 0.0+1.8
−0.0

59593.650 2.00 EDD baseband-mode 53 26.5+6.2
−5.1

59596.262 0.85 EDD baseband-mode 1 1.2+2.4
−0.9

59598.871 2.50 EDD baseband-mode 0 0.0+1.8
−0.0

59602.235 0.03 EDD baseband-mode 0 0.0+1.8
−0.0

59631.818d 2.50 EDD baseband-mode 2 0.8+2.2
−0.7

59632.673d 2.15 EDD baseband-mode 0 0.0+1.8
−0.0

59633.599 1.99 EDD baseband-mode 2 1.0+2.3
−0.8

59655.950 2.50 EDD baseband-mode 2 0.8+2.2
−0.7

59668.052 0.78 EDD baseband-mode 0 0.0+1.8
−0.0

59678.079 1.36 EDD baseband-mode 0 0.0+1.8
−0.0

59680.974 1.65 EDD baseband-mode 0 0.0+1.8
−0.0

59693.655 0.85 EDD baseband-mode 0 0.0+1.8
−0.0

a Topocentric.
b Originally reported in Kirsten et al. (2022) and Nimmo et al. (2022a).
c Frequency resolution of these data is 0.4MHz.
d No raw voltages due to incorrect observing set-up.
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In this search, we found 37 bursts on 2022 January 14 (MJD 59593), 1 burst on 2022
January 17 (MJD 59596), and 2 bursts on each of 2022 February 21, 23 andMarch 17 (MJDs
59631, 59633, and 59655, respectively). On closer inspection of the Heimdall candidates
on 2022 January 14 (pre-FETCH), with DMs ±1 pc cm−3 around the best-known value of
87.7527 pc cm−3 (Nimmo et al., 2022a), an additional 7 bursts were discovered. These bursts
were all reported with relatively low Heimdall S/N values of < 10. Therefore the low S/N,
combined with the narrow temporal burst widths, are likely the cause of the misclassification
by FETCH. A similar exercise was repeated on the other observations, and no additional
bursts were discovered. Note that post 2022 January 14, we altered the analysis pipeline
to keep candidate plots for inspection for any Heimdall candidate within ±3 pc cm−3 of the
known FRB DM and above a S/N threshold of 7.
Due to the high density of bursts discovered on 2022 January 14, we saved the raw voltages
for the entire 2 hr observation for further inspection. This was not possible for all observa-
tions due to the high data volume of the raw voltages (1 hr is approximately 5.5 TB of raw
voltage data). Therefore, for the bursts discovered at other epochs, we saved only the 2.048 s
baseband recording containing the burst (and sometimes also the neighbouring recording
if the dispersion sweep crossed between recordings).

Table 4.2: The success of burst searches on 2022 January 14 EDD data. ✓ indicates that a burst was classified as
astrophysical by FETCH (models A and H, probability threshold 0.5).

40.96µs pulsar 40.96µs baseband 1.28µs baseband
Burst Heimdall S/N FETCH Heimdall S/N PRESTO S/N PRESTO S/N
B1 13.6 ✓ 12.4 13.4 9.3
B2 36.6 ✓ Lost baseband data
B3 12.8 ✓ 10.8 10.8 –
B4 7.9 – 7.5 8.6 –
B5 21.6 ✓ 17.8 21.6 9.6
B6 – – 7.3 – –
B7 8.7 ✓ 8.7 9.6 –
B8 9.3 ✓ 8.4 10.3 –
B9 8.4 ✓ 7.6 8.7 –
B10 20.2 ✓ 19.0 20.6 12.9
B11 7.8 ✓ – 8.7 –
B12 16.7 ✓ 16.5 17.9 14.7
B13 20.8 ✓ 16.7 18.6 14.5
B14 – – 9.7 10.9 8.7
B15 – – – – 7.7
B16 7.2 – 7.7 8.0 7.0
B17 24.7 ✓ 22.3 25.0 17.2
B18 – – 11.9 13.1 10.6
B19 – – 7.0 7.8 9.6
B20 19.8 ✓ 18.8 21.7 16.3
B21 17.2 ✓ 14.2 17.2 15.4
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Continued: Burst search results

B22 7.6 ✓ – 7.2 –
B23 11.0 ✓ 9.0 10.5 9.8
B24 10.2 ✓ 9.1 10.3 7.4
B25 7.6 ✓ – – –
B26 17.0 ✓ 15.1 16.2 14.6
B27 7.1 ✓ – 7.4 –
B28 8.9 – – – 7.1
B29 8.1 ✓ 7.7 8.5 –
B30 – – – 8.0 –
B31 22.5 ✓ 21.1 24.3 18.3
B32 – – – 7.8 9.0
B33 25.2 ✓ 19.4 26.4 15.3
B34 16.2 ✓ 14.4 17.3 17.3
B35 21.8 ✓ 19.8 22.2 15.2
B36 8.9 – 7.4 7.9 7.2
B37 20.7 ✓ 19.8 23.0 25.4
B38 9.5 ✓ 7.1 11.0 9.5
B39 7.7 ✓ – – –
B40 12.9 ✓ 10.4 11.4 10.0
B41 9.2 – 7.4 9.0 8.0
B42 8.6 – 7.0 8.0 9.2
B43 21.6 ✓ 19.5 23.3 15.0
B44 15.1 ✓ 12.4 14.2 12.8
B45 7.1 ✓ – – –
B46 – – – 7.2 7.1
B47 20.6 ✓ 16.8 21.0 18.7
B48 10.8 ✓ 9.0 11.5 9.4
B49 14.5 ✓ 12.1 17.1 16.9
B50 14.0 ✓ 14.5 17.6 18.1
B51 8.2 ✓ – 9.0 8.7
B52 7.7 – – 9.2 –
B53 – – – 9.7 –

4.3.1.1 January 14 baseband data re-search

Using digifil, we created 8-bit total intensity filterbank data from the baseband DADA data at
a resolution of 40.96µs and 0.1953MHz in time and frequency, respectively. This resolution
matches that of the pulsar data. The goal of searching these data products was to ensure that
we understood the filterbank data created and could recover the same bursts discovered in
the search of the pulsar data. These data products were searched for single pulses using both
Heimdall and PRESTO (Ransom, 2001). For theHeimdall-based search, we mask frequency
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channels that frequently exhibit RFI before searching for single pulses, and inspect the candi-
dates with a DMwithin ±1 pc cm−3 of the known DM of FRB 20200120E. For PRESTO-based
searches, we use the PRESTO tool rfifind to mask time and frequency blocks that contain RFI
before searching for single pulses using single_pulse_search.py. The PRESTO single-pulse
candidates were then grouped into events using a modified version of SpS (Michilli et al.,
2018a), and events with a DM within ±1 pc cm−3 of the known DM were inpected by eye.
The Heimdall search of the baseband data returned 34 of the 44 bursts found in the pulsar
data: 9 of those missing all have S/N < 9, and 1 (B2) falls within a ∼ 4minute gap in the
baseband data where we have missing data. The loss of some low-S/N bursts in the baseband
search is likely because of different scalings applied in the creation of the filterbank data. We
did, however, find 4 previously undiscovered bursts in the Heimdall search of the baseband
data. These bursts also have relatively low S/N, and likely were missed in the search of the
pulsar data for the same reasons as above.
The PRESTO search of the baseband data returned 39 of the original 44 bursts, where, again,
B2 falls within the data loss region. The other missing 4 bursts are a subset of the missing
bursts in the Heimdall search. Of the 4 new Heimdall-discovered bursts, PRESTO found 3.
Furthermore, PRESTO discovered an additional 4 low-S/N bursts, bringing the number of
bursts discovered in the 2022 January 14 observation to 52. In general, the PRESTO S/N val-
ues appear higher than Heimdall, which is likely how PRESTO found additional bursts that
Heimdall missed above our detection threshold of 7. Additionally, the RFI flagging method
and boxcar width trialling is different between the Heimdall and PRESTO searches, which
could impact the discovery of bursts, especially in the low-S/N regime. Note there is a times-
tamp mislabelling in the pulsar backend data, creating a fictitious 125ms delay between
the baseband recording and pulsar backend recording. This was identified, measured and
calibrated for using bursts detected in both the pulsar and baseband data.

4.3.1.2 January 14 1.28µs search

Motivated by the clear microsecond timescales seen in a burst from FRB 20200120E (Nimmo
et al., 2022a), we re-searched the 2022 January 14 observation at 1.28µs time resolution.
We used digifil to create coherently dedispersed (using a DM of 87.7527 pc cm−3; Nimmo
et al. 2022a) 8-bit total intensity filterbank data with time and frequency resolution 1.28µs
and 0.78MHz, respectively. The true DM value must be within ∼ 0.3 pc cm−3 of the DM used
for coherent dedispersion to ensure that the dispersion smearing within a channel is smaller
than the time resolution. Fortunately, 0.3 pc cm−3 is much greater than the uncertainty on
the known DM (Nimmo et al., 2022a), and we confirm in Section 4.4 that the DM has not
significantly changed from the previous measurement.
The Heimdall search of the 1.28µs data returned none of the 52 bursts, and no additional
bursts. For the PRESTO-based search, we incoherently dedispersed using trial DMs from 87.6
to 87.9 pc cm−3 in steps of 0.01 pc cm−3. This results in maximal DM step-size smearing of
∼ 6µs across the entire 400MHz band, or ∼ 3µs for the centre 200MHz, where the bursts in
our sample reside. We, therefore, downsample to 2.56µs for the search. The PRESTO search
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Figure 4.2: Burst profiles, dynamic spectra and time-averaged spectra for a subset of the FRB 20200120E bursts
presented in this work. The filterbank data plotted is created by channelising the raw voltages to a resolution of
5.12µs and 0.1953MHz in time and frequency, respectively, for sub-figure (a), and 1.28µs and 0.7813MHz for sub-
figure (b). Sub-figure (b) shows the burst discovered in the microsecond search of the data (see Section 4.3.1.2);
this is the narrowest burst in this sample. The frequency resolution has been downsampled by a factor of 32 (sub-
figure (a)) and 8 (sub-figure (b)) for visualisation purposes. The data are coherently (within frequency channels)
and incoherently (between channels) corrected for dispersion using a DM of 87.7527 pc cm−3 (Nimmo et al., 2022a).
The coloured bars highlight the 1-σ (dark) and 2-σ (light) error regions on the burst extent in both frequency and
time, where the different colours represent different observing epochs: 2022 January 14 (purple), 2022 January 17
(blue) and 2022 February 23 (green). Time= 0 represents the burst centroid in time, and the horizontal coloured
line in the burst spectrum represents the frequency centroid. Frequency channels that have been masked due to RFI
have been omitted from the dynamic spectra (white horizontal lines). The burst profile is created by averaging the
dynamic spectrum within the 2-σ burst extent in frequency, and similarly the burst spectrum is created by averaging
the dynamic spectrum within the 2-σ burst extent in time.

returned 35 of the 52, and discovered an additional burst, bringing the total burst count
to 53 on 2022 January 14. The additional burst found in our high-time-resolution search is
the narrowest burst in our sample, with a temporal scale of ∼ 14µs, which combined with
its low S/N is the reason it was not caught in either of the 40.96µs searches. The behaviour
of Heimdall is not well-studied at extremely high time resolutions (e.g. µs) and the fact
that we recover a significant fraction of the bursts using PRESTO, implies that Heimdall has
significantly lost sensitivity at this resolution.
Table 4.2 summarises the results of the searches on the 2022 January 14 observation. The
burst profiles, dynamic spectra and time-averaged spectra for selected FRB 20200120E
bursts can be found in Figure 4.2, highlighting the diverse burst morphology observed in-
cluding the exceptionally narrow ∼ 14µs burst. In Figures 4.3 and 4.4 we show the complete
time-ordered burst plot for the entire 60 burst sample presented in this work.
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Figure 4.3: Frequency-averaged burst profiles, dynamic spectra and time-averaged spectra for all of the
FRB 20200120E bursts presented in this work, ordered according to their arrival time. The filterbank data plotted
is created by channelising the raw voltages to a resolution of 5.12µs and 0.1953MHz in time and frequency, respec-
tively. The exception to this is B15, which was discovered in the microsecond search and the filterbank data is created
with a resolution of 1.28µs and 0.7813MHz (see Figure 4.2 for a zoom-in panel of burst B15). Both the time and fre-
quency have been downsampled by various factors for plotting, with the resolutions being shown on the burst profile
and dynamic spectra, respectively. The data are coherently (within frequency channels) and incoherently (between
channels) corrected for dispersion using a DM of 87.7527 pc cm−3 (Nimmo et al., 2022a). The coloured bars high-
light the 1-σ (dark) and 2-σ (light) error regions on the burst extent in both frequency and time, where the different
colours represent different observing epochs: 2022 January 14 (purple), 2022 January 17 (blue), 2022 February 21
(grey), 2022 February 23 (green) and 2022 March 17 (yellow). Time= 0 represents the burst centroid in time, and
the horizontal coloured line in the burst spectrum represents the frequency centroid. Frequency channels that have
been masked due to RFI have been omitted from the dynamic spectra (horizontal white lines). The burst profile is
created by averaging the dynamic spectrum within the 2-σ burst extent in frequency, and similarly the burst spectrum
is created by averaging the dynamic spectrum within the 2-σ burst extent in time.
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Figure 4.4: Continuation of Figure 4.3.
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4.3.2 PRECISE observations

The VDIF data from the VLBI backend were searched using a Heimdall and FETCH pipeline,
while the PSRIX pulsar data were searched with a PRESTO pipeline. Details of this analysis
can be found in Kirsten et al. (2021b, 2022). No additional bursts were found in these data
beyond the 5 reported in Kirsten et al. (2022) and Nimmo et al. (2022a), down to a fluence
limit of 0.05 Jyms (for a 7σ, 100µs duration burst).

4.3.3 PSRIX baseband-mode

The PSRIX filterbank data were searched for single pulses using tools in the PRESTO soft-
ware suite, matching the analysis of the PRECISE PSRIX data in Section 4.3.2. No bursts
were found down to a fluence limit of 0.05 Jyms (for a 7σ, 100µs duration burst).

4.4 Burst analysis

4.4.1 Dispersion measure

Radio waves interact with free electrons on their journey to Earth, causing the lower fre-
quencies to be delayed with respect to the higher frequencies (this relationship is quadratic
in frequency; see Lorimer & Kramer 2004). Due to the complex morphology of FRB signals
in time and frequency, constraining the quadratic sweep of dispersion can be challenging
(Hessels et al., 2019). Conversely, without accurately correcting for dispersion, structure
in the burst profiles could be unresolved. Using the sharp, relatively broadband, temporal
features in one burst from FRB 20200120E (on timescales of microseconds), Nimmo et al.
(2022a) constrained the DM to 87.7527 ± 0.0003 pc cm−3, which was sufficient to resolve
sub-microsecond timescales. This measurement is > 9σ lower than the previous measure-
ment from Bhardwaj et al. (2021a), which could be due to temporal evolution, spectral
evolution, or unresolved burst structure in the Bhardwaj et al. (2021a) results. We note that
the DM measurements have not accounted for Doppler shifting from Earth’s orbital motion
and rotation, although this should likely only contribute a ∼ 0.009 pc cm−3 difference in DM
measurements between our observations and the previous DM measurement.
We selected bursts in our sample that have both a high S/N, and sharp structure in the
5.12µs profile (Figures 4.3 and 4.4): namely B18, B19, B21, B34, B37, B47, B49 and B50
from 2022 January 14, as well as the narrowest burst in our sample (B15 from 2022 January
14, despite it having a relatively low S/N). Using digifil, we created 32-bit, coherently dedis-
persed (DM=87.7527 pc cm−3) total intensity filterbank data containing the selected bursts,
with 1.28µs time resolution and 0.7813MHz frequency resolution. To measure the DM, we
incoherently shifted the frequency channels using DMs in the range 87.65–87.85 pc cm−3 in
steps of 0.01 pc cm−3. In Figure 4.5 we plot the peak S/N of the 1.28µs profile as a function
of DM. In contrast to the results of Nimmo et al. (2022a), there is no clear micro-structure
observed in these bursts, meaning the S/N does not rise and fall with DM as sharply. Note
that the peak S/N versus DM mean of burst B36 is < 87.65 pc cm−3 (the lower limit of the
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Figure 4.5: Peak S/N of 1.28µs burst profile (left) and peak S/N of the smoothed burst envelope (right) as a function
of DM. The bursts were selected based on their S/N values and fine structure observed in the 5.12µs profiles. Gaussian
fits are overplotted for each burst, matching the colour of the burst markers, and the mean of each Gaussian fit are
shown by the coloured vertical lines. For comparison, a similar analysis of burst B3 from Nimmo et al. (2022a) is
overplotted in black (left panel). The best DM measurement from Nimmo et al. (2022a), is shown by the black dashed
line in both panels (DM= 87.7527 pc cm−3).

x-axis scale in Figure 4.5), and we confirm the burst is visibly undercorrected at that ‘best-fit’
DM. We also plot the peak of the burst envelope as a function of DM, created by smooth-
ing the 1.28µs profile using a low-pass filter. The envelopes more clearly rise and fall with
DM. In the absence of burst structure on microsecond (or shorter) timescales, we used the
burst envelopes to measure a S/N weighted average DM of 87.77 ± 0.05 pc cm−3, which
is in agreement with the results of Nimmo et al. (2022a). We therefore conclude that the
DM of FRB 20200120E has not changed by more than 0.15 pc cm−3 (3-σ) over the ∼1 year
period of observation, and proceed using a DM of 87.7527 pc cm−3 (Nimmo et al., 2022a)
for the analysis of the burst sample presented in this work. As mentioned in Section 4.3.1.2,
this uncertainty in the DM results in a maximum smearing within frequency channels less
than the time resolution for both 512 channel (1.28µs) and 2048 channel (5.12µs) data
products created in this work.

4.4.2 Burst characterisation

For each burst, we coherently dedispersed and channelised the DADA baseband data to
2048 channels (0.1953MHz and 5.12µs frequency and time resolution, respectively) using
digifil. This 32-bit Stokes I data is used to determine the burst properties for all bursts,
with the exception of burst B2 on 2022 January 14, and both B1 and B2 on 2022 February
21, where only the 40.96µs/0.1953MHz pulsar data were retained. Frequency channels
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contaminated by RFI were masked manually for each burst. The data were downsampled
before measuring their properties: a summary of the resolutions used for the analysis can
be found in Table 4.3. The frequency channels are shifted to correct for dispersion, and
normalised such that the mean and standard deviation of the noise in each channel is 0 and
1, respectively.

Table 4.3: Burst properties.
Burst Time of Arrivala Fluenceb S/Nc Spectral Luminosity Widthd Frequencyd Time/Frequency

Extent Resolution
[MJD] [Jy ms] [1028 erg s−1 Hz−1] [µs] [MHz] [µs / MHz]

2022 January 14
B1 59593.70900072 0.13±0.03 11.7 0.50±0.10 171±2 188.1±1.6 5.12 / 12.5
B2 59593.71119049 0.54±0.11 33.1 1.04±0.21 346±2 176.0±0.8 40.96 / 6.2
B3 59593.72152561 0.14±0.03 12.6 0.64±0.13 152±2 166.8±2.1 5.12 / 12.5
B4 59593.72163241 0.08±0.02 10.8 0.81±0.16 133±4 138.9±1.9 40.96 / 6.2
B5 59593.72285434 0.36±0.07 23.2 0.80±0.16 302±1 166.5±0.5 5.12 / 6.2
B6 59593.72347595 0.09±0.02 6.4 0.28±0.06 207±7 168.2±5.0 20.48 / 12.5
B7 59593.72366265 0.11±0.02 9.2 0.36±0.07 240±8 245.5±7.4 40.96 / 12.5
B8 59593.72377264 0.10±0.02 9.7 0.44±0.09 161±4 213.1±4.5 10.24 / 12.5
B9 59593.72393352 0.15±0.03 7.8 0.22±0.04 445±7 169.6±2.3 20.48 / 12.5
B10 59593.72402411 0.26±0.05 19.7 0.71±0.14 245±1 192.5±0.7 5.12 / 6.2
B11 59593.72406203 0.10±0.02 6.2 0.18±0.04 384±10 241.7±5.9 20.48 / 12.5
B12 59593.72564746 0.22±0.04 14.7 0.46±0.09 322±2 192.7±0.8 5.12 / 6.2
B13 59593.72597616 0.32±0.06 17.8 0.49±0.10 431±3 195.0±1.1 5.12 / 6.2
B14 59593.72658502 0.17±0.03 10.5 0.35±0.07 328±5 195.9±2.5 10.24 / 12.5
B15 59593.72694393 0.05±0.01 12.2 2.29±0.46 14±1 99.8±6.7 1.28 / 6.2
B16 59593.72696785 0.08±0.02 7.0 0.28±0.06 192±6 212.9±6.5 10.24 / 6.2
B17 59593.72767015 0.32±0.06 26.2 1.03±0.21 211±1 177.0±0.5 5.12 / 6.2
B18 59593.72777136 0.16±0.03 12.6 0.50±0.10 217±2 185.8±1.5 5.12 / 6.2
B19 59593.72778012 0.06±0.01 8.9 0.71±0.14 55±2 171.5±5.6 5.12 / 6.2
B20 59593.72835081 0.21±0.04 20.9 0.99±0.20 140±1 187.9±0.8 5.12 / 6.2
B21 59593.72836174 0.18±0.04 19.9 1.01±0.20 124±1 180.3±1.0 5.12 / 6.2
B22 59593.72876785 0.06±0.01 8.5 0.59±0.12 99±4 167.1±5.6 20.48 / 6.2
B23 59593.72956599 0.08±0.02 10.7 0.68±0.14 84±2 205.6±3.8 5.12 / 6.2
B24 59593.72966465 0.11±0.02 8.3 0.30±0.06 251±4 218.5±3.0 10.24 / 6.2
B25 59593.72978254 0.11±0.02 7.2 0.22±0.04 366±12 270.3±9.0 20.48 / 12.5
B26 59593.73021930 0.17±0.03 16.8 0.87±0.17 133±1 177.7±1.0 5.12 / 6.2
B27 59593.73065954 0.09±0.02 7.4 0.29±0.06 215±9 224.1±8.7 20.48 / 12.5
B28 59593.73098736 0.08±0.02 9.5 0.65±0.13 89±3 171.5±3.0 5.12 / 6.2
B29 59593.73118289 0.12±0.02 9.7 0.74±0.15 111±3 96.2±2.5 20.48 / 6.2
B30e 59593.73118737 0.12±0.02 9.4 0.39±0.08 – – 40.96 / 25.0
B31 59593.73127253 0.27±0.05 27.4 1.49±0.30 126±1 146.5±0.5 5.12 / 6.2
B32 59593.73139847 0.07±0.01 9.8 0.64±0.13 76±4 193.5±8.0 10.24 / 12.5
B33 59593.73162219 0.45±0.09 30.4 1.19±0.24 249±1 137.3±0.4 5.12 / 6.2
B34 59593.73176535 0.16±0.03 20.9 1.38±0.28 80±1 168.0±1.1 5.12 / 6.2
B35 59593.73215265 0.24±0.05 20.8 0.86±0.17 187±1 187.4±0.7 5.12 / 6.2
B36e 59593.73228158 0.09±0.02 5.9 0.27±0.05 – – 10.24 / 25.0
B37 59593.73230289 0.19±0.04 27.4 1.86±0.37 71±1 185.4±0.8 5.12 / 6.2
B38e 59593.73244190 0.11±0.02 9.4 0.37±0.07 – – 20.48 / 12.5
B39 59593.73245115 0.11±0.02 6.7 0.26±0.05 280±8 192.1±5.5 10.24 / 12.5
B40 59593.73278832 0.17±0.03 13.2 0.84±0.17 139±2 101.0±0.0 5.12 / 6.2
B41 59593.73324614 0.04±0.01 2.5 0.07±0.01 405±1 214.8±3.9 20.48 / 12.5
B42 59593.73325516 0.08±0.02 4.7 0.13±0.03 380±9 215.7±4.7 10.24 / 6.2
B43 59593.73364935 0.27±0.05 23.3 0.95±0.19 192±1 199.9±0.6 5.12 / 6.2
B44 59593.73369348 0.19±0.04 14.6 0.54±0.11 231±2 200.6±1.1 5.12 / 6.2
B45e 59593.73403931 0.11±0.02 8.0 0.35±0.07 – – 20.48 / 25.0
B46 59593.73420280 0.07±0.01 3.9 0.11±0.02 468±14 203.5±6.0 10.24 / 12.5
B47 59593.73421902 0.24±0.05 27.7 2.33±0.47 69±1 126.7±0.6 5.12 / 6.2
B48 59593.73505336 0.10±0.02 9.8 0.50±0.10 135±3 206.4±3.5 5.12 / 12.5
B49 59593.73520064 0.13±0.03 15.1 0.80±0.16 111±1 193.6±1.4 5.12 / 6.2
B50 59593.73588107 0.13±0.03 17.1 1.03±0.21 92±1 178.6±1.2 5.12 / 6.2
B51 59593.73632506 0.17±0.03 7.5 0.16±0.03 704±20 274.7±7.3 20.48 / 6.2
B52e 59593.73726150 0.09±0.02 6.9 0.29±0.06 – – 10.24 / 12.5
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Continued: Burst properties.
B53 59593.73726998 0.11±0.02 9.3 0.51±0.10 150±2 131.8±2.5 10.24 / 12.5
2022 January 17
B1 59596.29769138 0.56±0.11 49.9 3.06±0.61 127±1 134.6±0.3 5.12 / 6.2
2022 February 21
B1 59631.91114554 0.10±0.02 10.2 0.49±0.10 196±6 216.2±5.0 40.96 / 12.5
B2 59631.91878154 0.32±0.06 30.3 1.54±0.31 150±0 160.7±1.0 40.96 / 6.2
2022 February 23
B1 59633.63710622 0.21±0.04 24.6 2.36±0.47 63±0 102.7±0.6 5.12 / 6.2
B2 59633.64288987 0.27±0.05 20.9 1.10±0.22 163±0 119.0±0.5 5.12 / 6.2
2022March 17
B1 59655.95339151 0.35±0.07 26.4 0.95±0.19 245±0 199.6±0.6 5.12 / 6.2
B2 59655.95391696 0.10±0.02 11.0 0.67±0.13 115±0 148.8±6.3 10.24 / 12.5
a Corrected to the Solar System Barycentre at infinite frequency using a DM of 87.7527 pc cm−3 (Nimmo et al., 2022a),
a dispersion constant of 1/(2.41 × 10

−4)MHz2 pc−1 cm3 s, and the VLBI FRB 20200120E position (Kirsten et al., 2022).
The times quoted are dynamical times (TDB).

b Computed within the ±2σ region of the burst temporal width assuming Effelsberg’s system temperature and gain is 20K
and 1.54 Jy K−1, respectively, and also considering a cosmic microwave background temperature of 3 K and
additional sky background temperature of 0.8 K (see Section 4.4.2).

c Boxcar S/N: defined as the sum of the burst profile in S/N units within ±2σ of the burst temporal width normalised
by the ±2σ width in time bins.

d Defined as the full-width at half maximum of the Gaussian fit to the ACF divided by
√

2.
e Burst extents in time and frequency could not be measured accurately due to low S/N and temporal/spectral structure.
We assume the mean values from the remaining January 14 burst sample (132µs and 113MHz) to compute the fluence.

To measure the burst extent in time and frequency we computed the 2-dimensional autocor-
relation function (ACF) of the dynamic spectra. We fitted a 2-dimensional Gaussian to the
ACF, from which we derived the burst width and frequency extent reported in Table 4.3. In
a few cases (marked in Table 4.3), the low S/N and strong scintillation structure resulted
in visibly under-estimated burst extents from the ACF analysis. For these bursts, we do not
report burst widths and frequency extents, and instead assume the average values from the
other bursts at that observing epoch, to use for fluence calculations. For all bursts, we fitted
a 2-dimensional Gaussian to the dynamic spectrum to determine the centroid of the burst in
time and frequency. The coloured bars in Figures 4.2 and 4.3 highlight the 1-σ (dark) and
2-σ (light) burst extents, Time= 0 represents the burst centroid in time, which we define as
the time of arrival (ToA) of the burst, and the horizontal coloured line on the burst spectrum
represents the frequency centroid. Note for B13 and B51 on 2022 January 14, we observe
2 clear burst components. The ToA and frequency centroid are, therefore, the centre of the
means of a Gaussian fit to each component. In Figure 4.6 we show histograms of the cen-
tral frequencies, temporal widths and frequency extents of the bursts, with mean values of
1.38GHz, 129µs and 111MHz, respectively.
The central frequencies are potentially influenced by scintillation from the Milky Way’s in-
terstellar medium (ISM) since FRB 20200120E bursts exhibit strong scintillation spectral
structure (visible in their dynamic spectra; see Figure 4.2). The strong scintles can skew the
2-dimensional Gaussian fit, used to determine the burst centroid. In addition, the central
frequencies of the 2 bursts detected on each of February 21, 23 and March 17, fall to the
same side of the mean value in the distribution during a single epoch. The influence of scin-
tillation on the central frequency must be minimal, however, since the bursts on January
17, February 21, 23 and March 17 agree well with the January 14 distribution (Figure 4.6).
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Figure 4.6: Histograms of the burst central frequencies (left panel), temporal widths (middle panel) and frequency
extents (right panel). The colours represent the different observing epochs and match the colours used throughout
this work (see, e.g., Figures 4.3 and 4.4). In the middle panel, the hatched bins represent the two bursts where we
have clearly identified multiple distinct components (B13 and B51 on 2022 January 14). The longer temporal widths
are therefore a reflection of the sub-burst separation, while the individual burst components are in fact more narrow.
The black dashed line represents the mean value.

The expected frequency scale arising due to ISM scintillation is ∼ 3MHz (Cordes & Lazio,
2002), consistent with the single-bin spectral structure observed in the 6.25MHz-resolution
spectra (Figure 4.7), that persists through individual observations. Since the measured burst
spectral extents are ∼ 100MHz, a factor of ∼ 30 higher than the scintillation scale, the burst
frequency extents are likely not heavily influenced by scintillation from the Milky Way inter-
stellar medium.
The burst ToAs (Table 4.3) are corrected to the Solar System Barycentre at infinite frequency
(using a dispersion constant of 1/(2.41 × 10−4)MHz2 pc−1 cm3 s, and the VLBI position of
FRB 20200120E; Kirsten et al. 2022). The burst profiles are converted to S/N units by sub-
tracting the mean of local noise data (containing no signal), and then dividing by the stan-
dard deviation of the noise. The burst profiles are then converted to physical units (Jy) using
the radiometer equation (Cordes & McLaughlin, 2003), and typical values for Effelsberg’s
system temperature (20K) and gain (1.54 Jy K−1). These values are uncertain at the 20%
level, which dominates the errors on the flux density. We also add a 3K contribution from
the cosmic microwave background (Mather et al., 1994), and a sky background temperature
of 0.8 K, which is derived by extrapolating from the 408MHz sky map (Remazeilles et al.,
2015), using a spectral index of −2.7 (Reich & Reich, 1988). The fluence is then calculated
by summing over the ±2σ burst extent in time and frequency. Using the known distance
to FRB 20200120E (3.63Mpc; Kirsten et al. 2022), we computed the isotropic-equivalent
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Figure 4.7: Burst spectra at 6.25MHz resolution. As shown in the legend, the colours represent bursts detected on
different days. Strong single-bin spectral features due to scintillation are apparent and persistent through individual
observing epochs. The average burst spectra (weighted by burst S/N) for 2022 January 14 bursts (black) and for bursts
detected on the other days (grey) are shown in the top panel. In addition to the narrow-band spectral structure due to
scintillation, there is also spectral structure on the scale of ∼ 100MHz, consistent with the measured burst frequency
extents (Figure 4.6). On 2022 January 14, two ∼ 100MHz bumps are visible in the stacked spectrum at ∼ 1300 and
∼ 1450MHz, reminiscent of the spectral structure seen in the single burst presented in Majid et al. (2021). Note
the flattening of the burst spectra at ∼ 1550MHz arises from frequent flagging of data in that spectral range due to
persistent RFI.

spectral luminosity of each burst and report these values alongside the burst fluences in
Table 4.3.
There are no clear trends of the burst properties with time through the 2022 January 14 ob-
servation (Figure 4.9). Perhaps the burst widths and fluences are slightly decreasing through
the observation, but the scatter on the data points is too large to confirm a downward trend.
The bursts on other observing days tend to have lower burst widths and frequency extents
than the mean values of the January 14 observation, while in general they show higher flu-
ences than average (Figure 4.9). More observations are required to test whether the burst
properties are drawn from different distributions as the burst rate changes.
Motivated by the high S/N microstructure and sub-microsecond structure seen in bursts
from FRB 20200120E (Nimmo et al., 2022a; Majid et al., 2021), we created higher-time-
resolution filterbank data for bursts which have sufficient S/N at 5.12µs to explore the struc-
ture on microsecond timescales. Using digifil, we created 32-bit coherently dedispersed total
intensity filterbank data containing the bursts with a resolution of 1.28µs and 0.7813MHz
in time and frequency, respectively. The burst profiles are created by averaging over the
±2σ burst extent in frequency. In Figure 4.10, the 1.28µs burst profiles are shown and com-
pared with the 1µs profile of burst B3 from Nimmo et al. (2022a), which shows very clear
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Figure 4.8: Burst time duration versus frequency extent for bursts during the 2022 January 14 observation. The
error bars are the 1σ fit errors from the 2-dimensional autocorrelation analysis described in the text, and reported in
Table 4.3. The colour scale represents the burst fluence.

microstructure. We caution that if the DM has changed by ∼ 0.1 pc cm−3 (< 3σ from the
DM uncertainty measured in Section 4.4.1), this will result in ∼ 60µs of smearing from
1.5GHz to 1.3GHz, therefore washing out microsecond structure. It is clear, however, from
Figure 4.5 that the 1.28µs peak S/N does not rapidly increase in S/N close to ±0.1 pc cm−3

around the DM used (B36 is increasing towards 87.65 pc cm−3, but as noted in Section 4.4.1
is visibly undercorrected at its best-fit value). If the bursts presented in this work had simi-
larly high S/Nmicrostructure as seen in B3 fromNimmo et al. (2022a), this would be evident
in the 5.12µs burst dynamic spectra (Figures 4.3 and 4.4). We cannot rule out the presence
of low S/N microstructure; however, it is evident that the sample of bursts presented in this
work do not exhibit the same high-S/N microstructure that has been observed previously
from this source.
Since this burst sample does not allow us to explore a range of timescales, as in Nimmo
et al. (2022a), we instead compute the rise and decay timescales of the high S/N bursts.
We use a fluence threshold of 0.16 Jyms, which we measure to be the completeness limit
for the fluence distribution (see Section 4.4.5). Using this conservative fluence threshold
limits the effect of noise on the measurements, while also giving a sufficient sample to study
the distribution of rise and decay times (Figure 4.11). We define the rise time as the time
it takes the burst to increase from 10% to 90% of the burst energy computed between the
peak and peak−2σwid, where σwid is the 1σ burst width. Likewise, the decay time is the time
between 90% to 10% of the burst energy computed between the peak and peak+2σwid. We
performed this analysis with time resolution of 20.48µs (with the exception of B2 on January
14 and both bursts on February 21, where only the 40.96µs pulsar data is available). We
find that the rise times are preferentially lower than the decay times (Figure 4.11). As the
fluence decreases, the rise and decay times approach equality, and occasionally the rise time
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Figure 4.9: Top sub-figure: Burst widths in time (top panel), bandwidths (middle panel) and fluences (bottom panel),
as a function of time relative to the beginning of the observing epoch. As shown in the legend, the colours represent the
different observing epochs. The vertical black line represents the start of the observations, and the coloured vertical
dashed lines indicate the end of each observation. The horizontal purple line represents the mean value for the 2022
January 14 observation (burst storm). Bottom sub-figure: The ratio of burst fluences of consecutive bursts on 2022
January 14 as a function of their time separation, with a histogram shown on the right. The black dashed line represents
the divide between the fluence of the first burst (Fl1) being lower than the fluence of the second burst (Fl2), and vice
versa.
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exceeds the decay time. This evolution with fluence is likely a reflection of the increased
influence of noise in the data as the fluence decreases. The range of rise times measured is
from 47 to 356µs, and decay times from 37 to 266µs.
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Figure 4.11: Rise and decay times of bursts above a fluence threshold of 0.16 Jyms. Left panels are as a function of
time from the beginning of the 2022 January 14 observation, and the colour of the scatter points represent the burst
fluence. The right panels are histograms of the rise and decay times (top), and the ratio of rise/decay (bottom), where
the colours represent the multiple observing epochs (matching the colour scheme of other plots in this work). The
horizontal black line in the bottom plots show the divide between bursts that rise faster than they decay, and vice
versa.

4.4.3 Burst rates, wait times and clustering

Reported in Table 4.1 are the average burst rates per observation during our FRB 20200120E
monitoring campaign. For burst rates throughout this paper we report Poisson errors. Even
during the observation on 2022 January 14, the burst rate is changing: all of the 53 bursts
were discovered in the final ∼ 40minutes of a 2-hr observation. We computed the burst
rate in 200-s time chunks (Figure 4.12) to monitor the evolution of burst rate through the
observation. We find that the burst rate ramps up to a maximum of 252+17

−16 bursts/hr, before
falling back down towards the end of the observation. Excluding the first two bursts, which
occur significantly earlier than the remaining 50, the burst storm has an approximate dura-
tion of 20min. We do caution that the storm extends to the end of our observation, beyond
which we do not know the activity behaviour of FRB 20200120E.
The distribution of the time difference between consecutive bursts, the so-called ‘wait times’,
of the 2022 January 14 burst storm is bi-modal (Figure 4.13). We fitted two log-normal
functions to the wait-time distribution using least-squares fitting. The best fit log-normal
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Figure 4.12: Cumulative burst distribution (top) and evolution of burst rate per 200 s time interval (bottom) during
the 2022 January 14 FRB 20200120E burst storm. The error bars on the rate are Poissonian. The x-axis is broken to
show that there were no bursts detected in the first ∼4700 s of the observation.

means are 0.94+0.07
−0.06 s and 23.61+3.06

−2.71 s. We also included bins in the wait time distribution
for the time separation of bursts from other observing epochs (Figure 4.13), which are all
longer than the 23.61+3.06

−2.71 s log-normal mean. This is likely a reflection of the highly varying
burst rates between observing epochs (Table 4.1). The median duration of the 5 observations
with burst detections from our monitoring campaign is ∼ 2hr, meaning we are unable to
measure wait times longer than this. The fact that the wait time distribution appears to tail
off at ∼1000 s is a reflection of being naturally less sensitive to longer wait times due to the
limited observation durations.
Also shown in Figure 4.13 is the cumulative wait time distribution for the burst storm on
2022 January 14. We test for burst clustering during the burst storm by comparing the
cumulative density function (CDF) for a Poisson distribution

PPoisson = 1 − e
−twaitR

, (4.1)

with the CDF for a Weibull distribution

PWeibull = 1 − e
−(twaitRW Γ(1+1/k))k

, (4.2)

where twait are the wait times between consecutive bursts, R and RW are the rates for a
Poisson and Weibull distribution, respectively, k is the Weibull shape parameter and Γ is
the gamma function (Oppermann et al., 2018). The Weibull distribution is equivalent to
a Poisson distribution when k = 1, while k < 1 implies that the bursts are clustered, with
more clustering implied for lower k. We performed a least-squares fit of both the Poisson and
Weibull distributions to the wait time cumulative distribution. The best-fit Poissonian rate is
131 ± 1 bursts/hr, and the best-fit Weibull rate is 111 ± 3 bursts/hr, with shape parameter
0.79±0.44. The reduced χ

2 for the fits are 1.1 (50 degrees of freedom) and 0.2 (49 degrees
of freedom) for Poisson and Weibull, respectively, indicating that the burst rate is Poissonian
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Figure 4.13: Wait time distribution (right sub-figure, bottom panel) and cumulative distribution of wait times (right
sub-figure, top panel). The purple wait time histogram is that of the bursts on 2022 January 14. We fit the sum of
two log-normal distributions to the 2022 January 14 histogram (excluding the sub-burst separations), shown by the
black line, and the means of the two log-normals are shown by the purple dashed (0.94+0.07

−0.06 s) and black dashed
(23.61+3.06

−2.71 s) lines. The open grey, green and yellow bins represent the time separation of bursts on 2022 February
21, 23 and March 17, respectively (as highlighted in the figure legend). The burst profiles of the two identified multi-
component bursts in our sample, bursts B13 and B51 on 2022 January 14, are shown in the left sub-figure at 40.96µs
time resolution. Overplotted on the profiles are double Gaussian fits to the profiles, and shown in the legend are the
measured separations of the Gaussian means. The open purple histogram at short wait times plotted on the wait time
distribution represents the measured sub-burst separations. Overplotted on the cumulative wait time distribution (right
sub-figure, top panel) are the best-fit Poisson cumulative density function (CDF) in purple, and the best-fit Weibull
CDF in blue.

during the burst storm. Furthermore, the large uncertainties on theWeibull shape parameter
are also consistent with a Poissonian distribution (the special case of k = 1). This supports
the use of Poissonian error bars on the rate in Figure 4.12.
The fits to the cumulative wait time distribution reflect only the statistics during the burst
storm, and do not account for the ∼ 4700 s leading up to the burst storm where no bursts
were detected (Figure 4.12). Following Oppermann et al. (2018), and the analysis presented
in Kirsten et al. (2021b)4, we calculated the posterior distribution of the 2022 January 14
observation (Figure 4.14, left) and the combined posterior distribution of the observations
on January 17, February 21, February 23 and March 17 (Figure 4.14, right). The likelihood
function is computed using the burst ToAs reported in Table 4.3 relative to the beginning of
the observation, and incorporates any gaps between the beginning of the observation and the
first burst, and the final burst to the end of the scan. We do not include the non-detection ob-
servations, since we are specifically interested in exploring whether the difference between

4https://github.com/MJastro95/weibull_analysis

https://github.com/MJastro95/weibull_analysis
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2022 January 14 and other detection days is solely the burst rate. To combine observations
we are assuming that the scans are independent and calculate the likelihood of the data as
the product of the likelihoods of the individual observations. The prior (f(k, RW )) is defined
as uniform, and the posterior distribution is calculated as

Post(k, RW |d) ∝ L(d|k, RW )f(k, RW ), (4.3)

for the likelihood of the data d, L(d|k, RW ).
We find that for the 2022 January 14 observation, the most likely values of k and RW are
0.50+0.04

−0.05 and 1079+377
−242 day−1, respectively, where the uncertainties reflect the 68% confi-

dence interval. This indicates that the bursts are highly clustered (since k < 1), which is evi-
dent already from Figure 4.12. In contrast, the combined observations of January 17, Febru-
ary 21, 23 andMarch 17 result in most likely values of k = 0.69+0.20

−0.17 and RW = 24+22
−7 day−1,

showing no strong evidence for clustering, and consistent with k = 1 within the 95% confi-
dence interval (Figure 4.14).

4.4.4 Periodicity searches

In this work we have a relatively large burst sample, mostly concentrated in a short time
interval on 2022 January 14. We, therefore, used various methods to search for a periodic
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arrival time of the bursts during the 2022 January 14 observation, as well as a periodicity
in the activity of bursts over the > 1 yr span of observations. Note that we only include the
bursts presented in this work and in Kirsten et al. (2022) for the periodicity analysis since
they were all detected with Effelsberg (observations with comparable sensitivity) at the same
observing frequency (frequency-dependent activity is seen in FRB 20180916B; Pleunis et al.
2021b; Pastor-Marazuela et al. 2021).

4.4.4.1 Burst arrival times

Using PRESTO (Ransom, 2001), we created dedispersed time series (DM= 87.7527 pc cm−3;
Nimmo et al. 2022a) of the entire 2-hr observation, the last ∼ 40minutes, and the ∼
15minutes around the peak burst rate of 2022 January 14, after masking the RFI using
rfifind. The reason for segmenting the data in this manner is to increase sensitivity to the
scenario where the periodic emission has ‘turned on’ (e.g., nulling pulsars; Backer 1970).
The time series were created from the 40.96µs pulsar backend data since there are roughly
a few minutes of missing data from the raw voltages (see Section 4.3.1.1). These time se-
ries were Fourier transformed (using a Fast Fourier Transform, FFT) and then searched for
periodic signals using PRESTO’s accelsearch. We first use a maximum Fourier frequency
derivative of 8 bins and 8 maximum number of harmonics, and second a maximum Fourier
frequency derivative of 200 bins and 16 maximum number of harmonics. The only periodic
candidates above a S/N threshold of 7 and coherent power of 100 are confined to a small
spectral range, and therefore are attributed to RFI.
We then performed a brute force search of an integer divisor of the burst ToAs commonly
used for period searches of rotating radio transients (RRATs; McLaughlin et al. 2006)5. We
performed this test twice: once on all bursts excluding the first two which are separated
in time from the main outburst of FRBs, and second a subset of those bursts which have
a wait time from the previous burst > 2.5 s. For the latter, we are using only bursts in the
long wait time log-normal (Figure 4.13), which we attribute to the burst rate, and exclude
bursts in the shorter wait time log-normal which we attribute to a typical ‘event duration’
(see Section 4.5.5). Folding at the best-fit period from each search returns bursts across all
burst phases (Figure 4.15, bottom sub-figure). Therefore, we conclude that there is no strict
period in the arrival times of the bursts during the FRB 20200120E burst storm. We note
that this method is insensitive to the arrival of bursts at various rotational phases of the
progenitor.
To increase our sensitivity to the situation where the bursts arrive at a wider range of phases,
or at multiple distinct rotational phases, we folded the observation using a range of trial peri-
ods from 1ms to 25 s. We made step sizes of (1/nbins)/(2442.5 s) in frequency space, where
2442.5 s is the time separation between the first and last burst on 2022 January 14, and nbins

are the number of bins the period is divided into: we choose 25 bins which corresponds to a
minimum duty cycle of 4%. In the folded observation, we count the number of burst ToAs
that fall into each phase bin, and use the χ

2 statistic to compare with a uniform distribu-
5Using rrat_period in the PRESTO psr_utils package.

https://github.com/scottransom/presto/blob/master/python/presto/psr_utils.py
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Figure 4.15: Periodicity search results. Top-left sub-figure: The reduced χ
2 for a uniform distribution of burst times as

a function of trial activity period (top panel, using 3 bins) and the Lomb-Scargle periodogram (bottom panel) for the
entire > 1 yr span of FRB 20200120E observations. The 1 − σ significance level is indicated by the dashed horizontal
black line, calculated by bootstrapping 100 and 1000 trials for the reduced χ

2 and Lomb-Scargle, respectively. The
red vertical line highlights a candidate at 12.5 days (although continuous monitoring of FRB 20200120E is required
to test the significance of this period). Top-right sub-figure: The reduced χ

2 for a uniform distribution of burst times
around the highest significance candidate for bursts detected during the 2022 January 14 observation (top panel, using
25 bins). The horizontal red line shows the 3−σ significance, calculated from the χ

2 survival function. The highest
significance candidate (period 3.40ms) is barely 3σ. Folding the burst ToAs using this period results in bursts arriving
across all phases (bottom panel). Bottom sub-figure: The distribution of burst phases assuming the period measured
from the brute-force search of an integer divisor of the burst ToAs. See Section 4.4.4 for details of the analysis resulting
in this figure.

tion. During the 2022 January 14 observation we have even exposure to all phase bins, but
when considering a longer period in the activity of FRB 20200120E (see Section 4.4.4.2), the
uneven exposure must be accounted for. This analysis is described in detail in Chime/Frb
Collaboration et al. (2020). The reduced χ

2 as a function of period for nbins = 25 is shown
in Figure 4.15. We computed a significance from the χ

2 survival function, and find 4 periods
with significance ∼ 3σ. For those 4 period candidates, we fold the burst ToAs using those
periods and find that in all cases the burst ToAs appear across > 90% of the phase. In Fig-
ure 4.15 we plot reduced χ

2 for a small range of periods around the highest significance
candidate (period P = 3.40ms), and also plot the histogram of phases after folding the
burst ToAs using this period. Since there are no periods that confine the burst ToAs in phase
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in a statistically significant way, we conclude that we find no evidence for periodicity in the
arrival times.

4.4.4.2 Burst activity

The repeating FRB 20180916B has a confirmed 16.33 ± 0.12day periodicity in its burst-
ing activity (Chime/Frb Collaboration et al., 2020; Pleunis et al., 2021b). Additionally,
FRB 20121102A has a tentative ∼ 160day period in its activity (Rajwade et al., 2020; Cruces
et al., 2021). With the > 1 yr span of Effelsberg observations, as well as multi-epoch detec-
tions, we aim to search for a similar periodic activity from FRB 20200120E. It may be that
the PRECISE detections of 2021 February–April (Kirsten et al., 2022), are one activity cycle,
and the 2022 January–March detections presented in this work are a second cycle, giving
a period of ∼ 11months, and an activity window of ∼ 3months (Figure 4.1). In this case,
however, having only 2 cycles, and a deficit of observations from June 2021 to December
2021, means this is impossible to confirm. Perhaps, however, there is a shorter period in the
activity (< 11months). We used two methods to search for periods between 1.5 days and
80days: we constrain the lower search limit to 1.5days to minimise the effect of the sidereal
day and above 80days there are too few cycles to constrain any period meaningfully with
the current data.
Since our observations of FRB 20200120E are not evenly sampled in time, we created a
Lomb-Scargle periodogram (Lomb, 1976; Scargle, 1982), from 1.5 days to 80 days in 50000
linear steps. We created a list of observation epochs (using the time stamp of the observations
beginning), paired with a list of 1s and 0s: 1 when the observation contained at least 1 burst,
and 0 when the observation resulted in a non-detection. Following VanderPlas (2018), we
then subtracted the mean of this time series, since the Lomb-Scargle model assumes the
time series is centred around the mean. The periodogram is shown in Figure 4.15 (top left
sub-figure, bottom panel), with a ∼12.5-day candidate highlighted. Note that Lomb-Scargle
periodograms have a complicated window function due to the uneven sampling of the data.
We produced this window function by making a Lomb-Scargle periodogram of a time series
reflecting our observing cadence: the time series is 1 for days where we had observations,
and 0 for every other day. We confirm that this ∼12.5-day candidate is not present in the
window function, and is therefore present in the data itself. To determine the 1σ significance
level, we randomly selected 8 days out of our list of observing epochs as ‘detection days’ and
compute the maximum value of the Lomb-Scargle periodogram. We repeated this exercise
1000 times and from the distribution of maximum values compute the 1σ significance level.
The 12.5-day candidate is < 1σ in significance when following this approach.
Additionally, we fold the > 1 yr span of observations using periods between 1.5 days to
80 days. We step in frequency by 0.1/(390days) – or (1/(10 bins))/(separation of first de-
tection and last detection) – and bin the data into 3, 5, and 10 bins. We compare detec-
tions per bin with a uniform distribution, similar to the analysis we conducted on the sin-
gle 2022 January 14 observation described above, calibrating for the uneven exposure per
bin (Chime/Frb Collaboration et al., 2020). In Figure 4.15 (top left sub-figure, top panel)
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we show the reduced χ
2 as a function of period using a binning of 3 bins per period. The

12.5-day candidate is also evident in this analysis, but with similarly low significance. We
bootstrap the significance by randomly selecting 8 detection days from our observing epochs
and computing the largest reduced χ

2 value, repeating this exercise 100 times, and from the
distribution of maximum reduced χ

2 we compute the 1σ significance level.
Although there is again a candidate at a period of 12.5 days, it is not statistically signifi-
cant. Continued monitoring of FRB 20200120E at 1.4GHz is required to confirm whether
FRB 20200120E’s activity is periodic similar to the behaviour of FRB 20180916B (Chime/Frb
Collaboration et al., 2020) and the tentative activity period detected for FRB 20121102A
(Rajwade et al., 2020; Cruces et al., 2021).

4.4.5 Energetics

The cumulative distribution of burst fluences appears to turn-over towards low fluences (Fig-
ure 4.16). This is likely the result of our inability to detect all bursts close to the sensitivity
limit of our observations. We must determine a completeness threshold, above which the
fluence distribution accurately reflects the source’s behaviour. Selecting the completeness
threshold, though, is somewhat ambiguous, and can heavily influence the inferred fluence
distribution properties. We used the method of maximum-likelihood to measure the optimal
fluence threshold resulting in the best power law fit (Clauset et al., 2007), under the as-
sumption that the bursts follow a power-law energy distribution above some threshold. This
method returns a limit of 0.16 Jyms, which is chosen as the completeness limit since it lines
up with where the distribution begins to turn-over by eye, and agrees with the limit derived
using the radiometer equation (Cordes & McLaughlin, 2003) and assuming a minimum S/N
of 10, a burst width of 300µs and a burst bandwidth of 150MHz. This threshold is also con-
sistent with where the power law index, α (R ∝ F l

−α, for burst rate R above some fluence
F l), flattens out as a function of fluence threshold (Figure 4.16, right), estimated using a
Maximum-likelihood method, described in Crawford et al. (1970) and James et al. (2019).
We fitted the cumulative distribution of burst fluences on 2022 January 14 above a complete-
ness threshold of 0.16 Jyms, using a power-law and a least-squares fit method (Figure 4.16).
The fluences are considered to have 20% uncertainty, arising due to the uncertainty in the
system values for Effelsberg. The best-fit power law has index α = 2.39 ± 0.12. The uncer-
tainties are the quadratic sum of the statistical fit uncertainties, combined with systematic
uncertainties derived by sampling 15 fluences above the completeness threshold, perform-
ing the same least-squares fit to the distribution and repeating this process 500 times to
measure the standard deviation of the power law indices measured.
In Figure 4.16, in addition to the fluence distribution of the bursts on 2022 January 14, we
also plot the fluences of bursts detected at our other observing epochs. Due to the differ-
ent burst rates between observations, and having only 1 or 2 bursts per observation outside
of the burst storm on 2022 January 14, it is difficult to constrain how the energy distri-
bution changes from epoch-to-epoch, as is seen in other FRBs (e.g., Jahns et al., 2022).
To test whether the fluences measured on days other than 2022 January 14 are drawn
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Figure 4.16: Left: Distribution of burst fluences. Different coloured markers, as shown in the legend, represent bursts
detected on different observing days. The black solid line represents the best fit power-law to the 2022 January 14
bursts above the fluence threshold. Right: The slope of the power-law α, determined by Maximum-likelihood estima-
tion (Crawford et al., 1970; James et al., 2019) as a function of fluence. The best fit α from the least-squares fit to the
distribution is shown by the horizontal line. In both panels, the dashed vertical line represents the completeness limit
of 0.16 Jyms.

from a different energy distribution, we performed a Kolmogorov-Smirnov (KS) test us-
ing the Python scipy.stats package tool ks_2samp6. The critical value for the KS-test is

D = c(p)
√(

N1+N2
N1N2

)
= 0.66, where c(p) = 1.63 corresponding to a significance level of

0.01, and N1, N2 are the sizes of the two distributions we are comparing. We find a KS statis-
tic of 0.51 < 0.66, and therefore we cannot reject the null hypothesis that the 2022 January
14 fluences and the fluences of the other epochs are drawn from the same distribution. We
repeated this exercise adding the first 2 bursts from 2022 January 14 to the fluences at other
epochs, motivated by the fact that these bursts occur ∼ 15minutes before the burst storm,
seemingly less related to the high activity (see, e.g., Figure 4.12). In this case the critical
value is D = 0.59 and the measured test statistic is 0.34 < 0.59, which still cannot rule out
all fluences being drawn from the same distribution.

4.5 Discussion

FRB 20200120E is a singular source: it provides a valuable bridge between the popula-
tions of known pulsars and bursting magnetars in the Milky Way and Magellanic clouds,
and the much more distant FRBs in extragalactic space (Nimmo et al., 2022a). Here we
discuss FRB 20200120E in the context of other fast radio transient sources. We show that
FRB 20200120E presents many similarities to the phenomena seen from radio-emitting mag-
netars and repeating FRBs, but its range of luminosities, burst durations, and wait times also
distinguish it from these other known sources. It may be possible to reconcile these quanti-
6https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.ks_2samp.html

 https://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.ks_2samp.html
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tative differences by invoking an evolutionary sequence, or spectrum of neutron stars, with
a range of rotational rates and magnetic field strengths. Alternatively, FRB 20200120E may
originate from a qualitatively different source class.

4.5.1 Lack of DM variations

Comparing our most recent bursts with those detected > 10 months earlier (Nimmo
et al., 2022a; Kirsten et al., 2022), we constrain DM variations towards FRB 20200120E
to < 0.15 pc cm−3. This is a strong constraint compared to, e.g., the > 1 pc cm−3 varia-
tions seen from FRB 20121102A on timescales of months to years (Hessels et al., 2019;
Li et al., 2021). The strong constraint on DM variation is consistent with the conclusion
that FRB 20200120E is in a relatively ‘clean’ local environment compared to the extreme
magneto-ionic environments of FRB 20121102A (Michilli et al., 2018b) and FRB 20190520B
(e.g., Niu et al., 2021). Furthermore, this motivates continued searches for FRB 20200120E
bursts at low radio frequencies (< 400MHz) since such detections can measure more subtle
variations in the local medium (Pleunis et al., 2021b). Likewise, the lack of DM variation is
also consistent with the hypothesis that FRB 20200120E was formed via accretion-induced
collapse, or compact binary merger, in its dense globular cluster environment (Kirsten et al.,
2022; Lu et al., 2022; Kremer et al., 2021). Note, however, that the Crab pulsar, which
is likely the product of a core-collapse supernova, also shows only small DM variations
(≲ 0.02 pc cm−3; Driessen et al. 2019). Whereas some repeating FRBs are noisy probes
of the intervening magneto-ionised medium, because of their extreme local plasma environ-
ments (e.g. Niu et al. 2021), FRB 20200120E demonstrates that some repeaters will serve
as accurate probes of the intervening magneto-ionised medium.

4.5.2 Burst storm & time dependent burst rate

The burst rate of FRB 20200120E varies significantly between observing epochs (Table 4.1),
with a peak rate of 26.5+6.2

−5.1 bursts/hr averaged over the 2022 January 14 observation. The
burst rate is also observed to be highly time variable during the 2022 January 14 observation,
with no bursts detected until 1.3 hr into the 2 hr observation, and the rate (computed in
200 s time intervals) ramping up to a maximum 252+17

−16 bursts/hr, before falling back down
towards the end of the observation (Figure 4.12). Due to this rapid rise and decay in burst
rate, we refer to this as the first observed ‘burst storm’ from FRB 20200120E.
The first-discovered repeating FRB, FRB 20121102A (Spitler et al., 2016), is one of the few
repeating FRBs whose long-term activity has been studied in detail. The burst rate varies
significantly between observing epochs (Li et al., 2021; Hewitt et al., 2021; Jahns et al.,
2022) similar to the behaviour we observe here: the peak rate in∼1-hr observations has been
observed to be as high as 218±16 bursts/hr, which is less than a factor of 2 higher than the
131±1 bursts/hr Poisson rate for FRB 20200120E (Figure 4.13). Evidence of burst clustering
has been observed for FRB 20121102A (Oppermann et al., 2018; Oostrum et al., 2020). At
least some of this burst clustering is related to the apparently periodic activity cycle that
FRB 20121102A follows (∼160days; Rajwade et al. 2020; Caleb et al. 2020). During these
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active windows, however, the burst wait times are Poisson distributed, but the rate changes
from day-to-day (Cruces et al., 2021; Jahns et al., 2022). Although there is only a hint of
an activity period for FRB 20200120E, given our observations, we find a similar behaviour:
during the burst storm the bursts are consistent with being Poisson distributed (Figure 4.13),
and the observations on other days with detections (excluding the storm) are consistent
with being Poisson distributed as well (Figure 4.14). The observation of 2022 January 14,
however, shows clustering on < 1hr timescales (Figures 4.12,4.14). This rapid rise in burst
rate, before quickly decreasing in rate has been seen before for FRB 20121102A, although
at much higher observing frequencies (Gajjar et al., 2018; Zhang, 2018a). For comparison,
we plot the burst rate as a function of time in 200 s intervals for both the FRB 20200120E
burst storm, and that of FRB 20121102A (Figure 4.17). We, unfortunately, do not see the
rate drop completely to zero before the end of our observation, and the FRB 20121102A
storm had presumably begun before the beginning of the Gajjar et al. (2018) observation.
We do, however, find the durations of the two storms, with rate above 80 bursts/hr, to be
comparable (∼ 20minutes).
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Figure 4.17: Comparison between the burst rate as a function of time for the FRB 20200120E burst storm presented in
this work, and that of an observation of FRB 20121102A (Gajjar et al., 2018; Zhang, 2018a). The rates are computed
in 200 s time intervals. For the FRB 20200120E observations the time axis is the lower x-axis (in black) from the
beginning of the 2022 January 14 observation, while the upper x-axis (in red) is the time axis for FRB 20121102A
from the beginning of the Gajjar et al. (2018) observation. The plots have been arbitrarily aligned in time by eye to
highlight the comparable temporal extents. The shaded blue region highlights the extent plotted in the zoom-in panel
below. The horizontal dashed line represents a burst rate of 80 bursts/hr, above which the duration of the storm for
both FRB 20200120E and FRB 20121102A are comparable (∼20min).

Significant change of burst rate over month-to-year timescales has been observed for the
highly active repeating FRB 20201124A (Lanman et al., 2022). Since CHIME is a transit
telescope, it has almost daily exposure to FRB 20201124A. This provides strong constraints
on the burst rate of FRB 20201124A in the years prior to discovery in 2020, and how the
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burst rate slowly evolved into an outburst in 2021 (Lanman et al., 2022). The burst rate
through the outburst varies on day-to-day timescales, rising sharply to the peak reaching a
plateau and rapidly turning off (Xu et al., 2021). Perhaps this is a similar phenomenon to
what has been observed from FRB 20200120E in this work (Figure 4.1). Xu et al. (2021) also
observe day-to-day changes in the Weibull k parameter, varying from Poissonian (k = 1) to
clustered (k < 1) between observations. The peak burst rate per observation at 1.5GHz
(similar central frequency as the observations presented in this work) is 45.8+7.8

−8.3 hr−1 (Xu
et al., 2021), consistent with our measured burst rate from the 2022 January 14 observation
(Table 4.1).
Magnetars are observed to go into outburst, producing tens to hundreds of X-ray bursts
per hour (Gavriil et al., 2004; Israel et al., 2008; van der Horst et al., 2012). The Galac-
tic magnetar SGR 1935+2154, is currently the only known Galactic object that has pro-
duced a millisecond-duration radio transient with luminosity comparable to that of the ex-
tragalactic FRBs (albeit still 1–2 orders of magnitude weaker than the least luminous FRBs;
CHIME/FRB Collaboration et al. 2020; Bochenek et al. 2020). SGR 1935+2154 went into
outburst in 2020, hours before the FRB-like transient was discovered, with a burst rate of
∼ 720 bursts/hr (Fletcher & Fermi GBM Team, 2020; Palmer, 2020; Younes et al., 2020).
This outburst was observed to have a consistently high rate for at least 20minutes, before
rapidly dropping in rate to ∼ 29 bursts/hr in only 3 hours.
In the case of giant pulse emitters, variations in giant pulse rate have been observed between
observing epochs: e.g., the Crab pulsar (PSR B0531+21), where the rate of high fluence
(> 130 Jyms) giant pulses vary by up to a factor of 5 between observing days (Bera &
Chengalur, 2019), and the ‘Crab twin’ PSR B0540−69 in the Large Magellanic Cloud, which
has giant pulse rate variations of 65 /hr to 221 /hr between epochs separated by ∼months
(Geyer et al., 2021).

4.5.3 Energetics

The spectral luminosities of FRB 20200120E bursts are at least two orders of magnitude
lower compared to other known repeating FRBs (Nimmo et al., 2022a), and even ∼ 10×
lower than the exceptionally bright event seen from SGR 1935+2154 on April 28 2020
(Bochenek et al., 2020; CHIME/FRB Collaboration et al., 2020). In our unprecedentedly
large sample of FRB 20200120E bursts we also see a relatively narrow range of burst flu-
ences, spanning only about an order-of-magnitude from 0.04 Jyms to 0.6 Jyms. This limited
range is partly due to being strongly sensitivity limited, despite the large aperture of the Ef-
felsberg telescope. Furthermore, many of the bursts we detect are below our nominal com-
pleteness threshold of 0.16 Jyms and only detectable because of their bright, narrow-band
scintles. Larger on-sky time (> 100hr) may still reveal FRB 20200120E bursts that are more
comparable in their energetics to other repeaters, but nonetheless FRB 20200120E appears
to be, at least on average, an anomalously weak source that is only detectable because of its
exceptional proximity to Earth (Bhardwaj et al., 2021a; Kirsten et al., 2022).
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Furthermore, we measure a steep power-law (α = 2.39 ± 0.12, see Section 4.4.5) burst
energy distribution above our fluence threshold of 0.16 Jyms. Unless FRB 20200120E is
found to have a bi-modal and/or time-variable energy distribution, with a flatter tail at
high fluences, then it is unlikely that ongoing observing campaigns will detect bursts that
are much above a fluence of 2 Jyms at 1.4GHz (corresponding to an isotropic-equivalent
spectral luminosity of ∼ 2.4 × 1029 erg s−1 Hz−1). For comparison, Bhardwaj et al. (2021a)
find fluences of ∼ 2 Jyms in the 400 − 800MHz range. Given that the bursts we detect
at 1.4GHz are typically ∼ 0.2 Jyms, this suggests an average spectral index, S ∝ ν

−β of
β ∼ 2 − 3. If this were to continue to low radio frequencies, then the expected average
fluence at 150MHz is ∼ 30 − 130 Jyms, easily detectable by LOFAR or uGMRT.
The burst energy distribution of FRB 20200120E is comparable to that of the Crab pulsar
(Karuppusamy et al., 2010). It is significantly steeper than the energy distribution seen from
FRB 20121102A (Li et al., 2021; Hewitt et al., 2021), but conversely much flatter compared
to what has been observed from FRB 20201124A (Lanman et al., 2022). We caution, how-
ever, that FRB 20121102A has shown a bi-modal and time-variable burst energy distribution
(Li et al., 2021; Hewitt et al., 2021). This bi-modality could indicate that the source produces
multiple types of bursts, or that some bursts are apparently boosted in energy due to local
propagation effects like plasma lensing (Cordes et al., 2017). Our burst energy distribution
for FRB 20200120E is based on a single burst storm and may not be representative of its
average behaviour. Future detections of burst storms from FRB 20200120E can test this. The
pulse energy distributions of the Crab and other pulsars appear to be stable with time (Bera
& Chengalur, 2019). If the burst energy distributions of repeating FRBs are found to be time
variable then models of the emission process need to explain this behaviour.

4.5.4 Burst durations and morphology

The ∼ 100µs bursts from FRB 20200120E are on average > 10× shorter-duration compared
to other known repeaters (Nimmo et al., 2022a; Pleunis et al., 2021a; Li et al., 2021; Xu
et al., 2021). Previous studies have also detected (sub-)microsecond burst structure from
FRB 20200120E (Nimmo et al., 2022a; Majid et al., 2021). Coupled with the much lower
burst luminosities from FRB 20200120E compared to other repeaters, this suggests that
future studies using large burst samples should investigate whether there is a correlation
between burst duration and luminosity. Multi-frequency observations of FRB 20121102A
have demonstrated that its bursts are on average narrower and less luminous at high radio
frequencies (Michilli et al., 2018b; Gajjar et al., 2018; Josephy et al., 2019). Future obser-
vations should aim to establish such a trend for FRB 20200120E as well.
The voltage data we have collected here has also allowed us to constrain how often
FRB 20200120E produces ultra-short bursts, on timescales of microseconds or less. The lack
of interstellar or intergalactic scattering towards FRB 20200120E, along with its stable DM,
also make it a prime target to explore ultra-short timescales. We find no evidence for mi-
crostructure in our sample of FRB 20200120E bursts, nor do we identify any additional
bursts in a separate search of the 2022 January 14 data at a time resolution of 1µs. While
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some FRB 20200120E bursts do present structure on (sub-)microsecond timescales (Nimmo
et al., 2022a; Majid et al., 2021), we conclude that such timescales are relatively rare7 and
that most bursts have minimum timescales of variation on the order of > 10µs.
Nonetheless, we find that the rise times of FRB 20200120E bursts are typically very short:
50 − 200µs. This constrains the size of the emission region to tens of kilometres or less,
though relativistic effects may also be relevant. The decay times we measure are typically
twice as long, and this asymmetry should be explained in emission models. We note that
magnetar X-ray bursts are often also well modelled by a faster rise and slower decay (Hup-
penkothen et al., 2015).
In any case, the intrinsic asymmetry of the bursts, along with the potential for time-frequency
drifts (Hessels et al., 2019), demonstrates that caution is needed when inferring scattering
times from FRBs. Burst B33 from 2022 January 14 is the best example of a ‘sad trombone’
drift in our new burst sample (see Figure 4.2). This effect is also clearly visible in the base-
band data from the discovery of FRB 20200120E (Bhardwaj et al., 2021a, see their Figure 1),
and provides an important phenomenological link with the rest of the known repeater pop-
ulation. In addition, we find that the FRB 20200120E bursts are sometimes narrow band
(∆ν ∼ 200MHz), as has been seen in other repeaters (Hessels et al., 2019; Gourdji et al.,
2019; Kumar et al., 2021). The average burst spectrum from the burst storm shows two
∼ 100MHz features (Figure 4.7), reminiscent of the spectral structure in the Majid et al.
(2021) FRB 20200120E burst, and unlike typical repeater spectra. However, it has been
shown that narrow-band FRB 20121102A bursts exhibit preferred frequencies, consistent
on timescales of days (Gourdji et al., 2019; Hewitt et al., 2021).

4.5.5 Burst wait times

We find 3 peaks in the wait time distribution of bursts from FRB 20200120E (Figure 4.13).
The main peak at ∼ 25 s simply reflects the overall burst rate, where on relatively short
timescales of < 1hr we find the wait times to be reasonably well modelled by a Poissonian
process.
We also find a secondary peak in the burst wait times of FRB 20200120E at ∼ 1 s. This is rem-
iniscent of the secondary, shorter-timescale wait time peaks seen for FRB 20121102A (Gour-
dji et al., 2019; Li et al., 2021; Hewitt et al., 2021; Jahns et al., 2022) and FRB 20201124A
(Xu et al., 2021), though those sources both show such a peak at ∼ 30ms, roughly a 50×
shorter timescale. These secondary wait-time peaks demonstrate that once a burst has oc-
curred, it is more likely to detect a second or third burst in short succession. This deviates
from the general Poisson wait-time distribution. We suggest that these secondary wait-time
peaks represent a timescale on which repeated burst emission can occur, and that this could
be related to the overall physical size in which burst emission can be generated around
the central engine as well as the timescale on which perturbations traverse this region. If
so, then the much longer ∼ 1 s timescale of FRB 20200120E could indicate a much larger
7It is, of course, possible that micro-bursts are common but that they typically overlap in time, therefore our results
indicate that isolated micro-bursts are rare.
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overall emission region, or slower propagation of disturbances, compared to the ∼ 30ms
timescales that are observed for FRB 20121102A and FRB 20201124A. While the secondary
wait-time peak of FRB 20200120E is ∼ 50× longer in duration compared to FRB 20121102A
and FRB 20201124A, its bursts are typically ∼ 30× shorter. It is worth considering whether
these timescales are related.
Lastly, two of the bursts we detect from FRB 20200120E show sub-millisecond separations
between sub-bursts, and this suggests that there may also be a tertiary wait-time peak on this
timescale. Other repeaters have also shown a characteristic spacing of wait-times between
sub-bursts on timescales of roughly milliseconds (e.g., Hessels et al. 2019). This timescale
may reflect the microphysics related to the coherent emission process: e.g., the interplay
between charge bunching and radiative feedback (Lyutikov, 2021). Some authors have also
interpreted the quasi-periodic spacing of FRB sub-bursts in the context of outward propagat-
ing plasma oscillations (Sobacchi et al., 2021).

4.5.6 Periodicity constraints

We searched for a strict periodicity in the arrival times of the bursts, focusing on the relatively
large sample of 53 bursts from the 2022 January 14 storm. Given the short burst durations of
typically ∼ 100µs, our analysis should be sensitive to rotational periods of ∼ 1ms or longer,
if the bursts are clustered in rotational phase. Note that the methods we used are sensitive
to bursts occurring in multiple rotational phase windows, as is sometimes seen from pulsars
and radio-emitting magnetars (Camilo et al., 2006). The sample of 53 bursts from the 2022
January 14 observation shows no statistically significant evidence for a short-duration period
in the burst arrival times, and hence we conclude that — if FRB 20200120E is a rotating
object with a period between 1ms and 25 s — the bursts are roughly evenly distributed in
rotational phase. This is consistent with the lack of detectable periodicity in other repeaters
(Gourdji et al., 2019; Li et al., 2021; Hewitt et al., 2021).
Nonetheless, we caution that a larger burst sample may reveal a more subtle clustering of
bursts in rotational phase, and that clustering could potentially be time-variable: e.g., radio-
emitting magnetars show evolving pulse profiles that can be stable on timescales of days
to weeks or longer (Camilo et al., 2006). The lack of observable periodicity distinguishes
FRB 20200120E from known giant pulse emitters and suggests that the emission region
changes chaotically between the bursts.
We also searched the collection of known bursts from all our observations to see if there
is evidence for periodicity in FRB 20200120E’s activity rate. Such searches are motivated
by the well-established 16.3-day periodicity of FRB 20180916B (Chime/Frb Collaboration
et al., 2020) and the candidate 160-day periodicity of FRB 20121102A (Rajwade et al., 2020;
Cruces et al., 2021). Though we find a hint for a 12.5-day period, a factor of a few more
cycles are needed to ascertain if this will become statistically significant, or not.
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4.6 Conclusions & future work

We have presented the first-known ‘burst storm’ from FRB 20200120E, in which 53 bursts
were detected in < 1hr of observation with the 100-m Effelsberg telescope on 2022 Jan-
uary 14. We characterise this event as a burst storm because of the high and rapidly varying
burst rate, which is reminiscent of the X-ray burst storms seen from magnetars. The energy
distribution of the burst storm is a steep power law (α = 2.39 ± 0.12 above a fluence thresh-
old of 0.16 Jyms). We used these closely spaced bursts to search for a strict periodicity in
the arrival times, but find no such signal, consistent with other known repeating FRBs. The
burst wait times do, however, show a secondary peak at ∼ 1 s. This is reminiscent of the sec-
ondary wait-time peaks seen for two other repeating FRBs on significantly shorter timescales
of ∼ 30ms. The secondary wait time peak may represent a characteristic timescale related
to the overall size of the system.
We also present an additional 7 bursts, which were detected in 4 other observing sessions in
2022 January through March. During these observations, the lower and more stable burst
rate suggests that the source was in a different state compared to the 2022 January 14 storm.
We used these and other observations, including those with non-detections, to search for
periodic activity but find only tentative evidence for a 12.5-day period.
The observational record to date demonstrates that the DM of FRB 20200120E is highly sta-
ble, unlike some other repeaters, and that its bursts are characteristically ∼ 30× shorter
in duration and ∼ 100× less luminous compared to other known repeaters. Nonethe-
less, the narrow-band emission and time-frequency drift (‘sad trombone’ effect) seen from
FRB 20200120E provide important observational links to other repeaters. By comparing our
1.2−1.6-GHz burst sample to that detected from 400−800MHz by CHIME/FRB (Bhardwaj
et al., 2021a), we find that the average spectral index is quite steep: β = 2 − 3, indicat-
ing that there are good prospects for detecting FRB 20200120E at very low frequencies
(< 400MHz).
We show that FRB 20200120E bursts typically have fast rise (∼ 100µs) and slower decay (∼
200µs), but that this asymmetry is not due to scattering.Whereas previous observations have
demonstrated (sub-)microsecond structure in the bursts from FRB 20200120E, we find that
such short timescales occur rarely (or that the microstructure is typically bunched in time,
as opposed to being resolvable). Additionally, searches of our voltage data using coherent
dedispersion and a time resolution of 1.28µs led to the discovery of only one additional,
low-S/N burst compared to our initial searches at 40.96µs time resolution. This burst is the
narrowest in the sample presented here, with a temporal scale of ∼ 14µs. We find no bursts
with durations < 10µs.
Given the observations to date, we suggest that the most urgent avenues for future observa-
tional investigation are:

• Detect the source both below 400MHz and above 3GHz to establish whether the burst
widths are frequency-dependent.
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• Continue the observational timeline in order to establish or rule out periodic variations
in the source’s activity.

• Use future detections to further constrain subtle DM and RM variations.

From the point-of-view of understanding the nature of FRB 20200120E, we encourage theo-
rists to focus on a self-consistent picture that explains the: i. low burst luminosities, ii. short
burst durations, iii. ∼ 1-s secondary wait-time peak and iv. steep average burst spectrum.
Each of these quantities deviates quite significantly from other known repeaters, and it may
be possible to link these burst properties to those of the central engine (e.g., its rotation rate,
magnetic field strength, age, etc.).
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Abstract

Very long baseline interferometric (VLBI) localisations of repeating fast radio bursts (FRBs)
have demonstrated a diversity of local environments: from nearby star-forming regions to
globular clusters. Here we report the VLBI localisation of FRB 20201124A using an ad-hoc
array of dishes that also participate in the European VLBI Network (EVN). In our campaign,
we detected 18 bursts from FRB 20201124A at two separate epochs. By combining the vis-
ibilities from both epochs, we were able to localise FRB 20201124A with a 1-σ uncertainty
of 2.7milliarcseconds (mas). We use the relatively large burst sample to investigate astro-
metric accuracy, and find that for ≳ 20 baselines (≳ 7 dishes) that we can robustly reach
milliarcsecond precision even using single-burst data sets. Sub-arcsecond precision is still
possible for single bursts, even when only ∼ six baselines (four dishes) are available. In
such cases, the limited uv-coverage for individual bursts results in very high side-lobe levels.
Thus, in addition to the peak position from the dirty map, we also explore smoothing the
structure in the dirty map by fitting Gaussian functions to the fringe pattern in order to con-
strain individual burst positions, which we find to be more reliable. Our VLBI work places
FRB 20201124A 710±30mas (1-σ uncertainty) from the optical centre of the host galaxy,
and consistent with originating from within the recently-discovered extended radio struc-
ture associated with star-formation in the host galaxy. Future high-resolution optical obser-
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vations, e.g. with Hubble Space Telescope, can determine the proximity of FRB 20201124A’s
position to nearby knots of star formation.
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5.1 Introduction

Fast radio bursts (FRBs) are highly luminous, short-duration coherent radio transients (for
recent reviews see Petroff et al., 2019, 2022; Cordes & Chatterjee, 2019). The vast major-
ity of the observed FRB population are apparently one-off events, but a few percent of the
known FRBs have been seen to repeat. Whether all FRBs are capable of repeating, or if
the observed FRB population comes from multiple origins, remains debated. Nonetheless,
the large sample provided by CHIME/FRB (CHIME/FRB Collaboration et al., 2018) shows
statistical differences between the properties of apparent one-offs and repeaters (Pleunis
et al., 2021a). The repeating sources are particularly valuable in our efforts to understand
the nature of FRBs, since they allow for follow-up observations to, e.g., explore their burst
energy distribution (Gourdji et al., 2019; Li et al., 2021; Hewitt et al., 2021), characterise
the evolution of the burst properties with time and frequency (Gajjar et al., 2018; Michilli
et al., 2018b; Hilmarsson et al., 2021a; Pleunis et al., 2021b), and probe the immediate
surroundings of the FRB source through precise localisation with very long baseline inter-
ferometry (VLBI) and high-resolution optical imaging (Bassa et al., 2017; Tendulkar et al.,
2021; Mannings et al., 2021).
To date, 19 FRBs have been localised with sufficient precision (< a few arcseconds) to
identify their host galaxy (e.g., Chatterjee et al., 2017; Ravi et al., 2019; Bannister et al.,
2019; Heintz et al., 2020; Bhandari et al., 2022)1. Thus far, only three of these are localised
to 1–10milliarcsecond precision using VLBI (Marcote et al., 2017, 2020; Kirsten et al., 2022).
With VLBI precision, the exact location of the FRB progenitor within the host galaxy can be
determined and matched with any prominent features, like spiral arms, the galactic nucleus,
or star-forming regions. This is particularly useful if the host can be resolved with Hubble
Space Telescope observations (Bassa et al., 2017; Tendulkar et al., 2021; Mannings et al.,
2021).
VLBI localisations of repeating FRBs have uncovered a diversity of local environments:
FRB 20121102A, the first-known repeater, is spatially coincident with a compact persistent
radio source and inside a star-forming region in a dwarf host galaxy (Chatterjee et al., 2017;
Marcote et al., 2017; Tendulkar et al., 2017; Bassa et al., 2017); FRB 20180916B is located
in the spiral arm of a Milky Way-like host, approximately 250 pc from the peak of a promi-
nent star-forming knot (Marcote et al., 2020; Tendulkar et al., 2021); and FRB 20200120E
was discovered to be in a globular cluster that is associated with the grand design spiral
galaxy M81 (Bhardwaj et al., 2021a; Kirsten et al., 2022). This diversity highlights that the
progenitors of repeating FRBs are able to live in different types of environments or, alterna-
tively, that there is more than one progenitor type for repeating FRBs. Additional VLBI FRB
localisations, combined with comparably high resolution optical and radio imaging, allow us
to study the immediate environments of FRBs (e.g. a surrounding nebula) and to compare
with other astronomical source classes. This will help uncover the full diversity of FRB local
environments, giving insight into the FRB progenitor(s).

1https://frbhosts.org/

https://frbhosts.org/
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In this Letter, we present the European VLBI Network (EVN) localisation of the repeat-
ing FRB 20201124A. FRB 20201124A was in a period of heightened activity in April 2021
(Chime/Frb Collabortion, 2021), during which we detected a total of 18 bursts at two epochs.
A preliminary EVN position was originally reported in Marcote et al. (2021), who used data
only from the first epoch. Here, we describe in detail the interferometric observations (§ 5.2),
followed by the analysis and results (§ 5.3). Because we detected a relatively large sample of
bursts at two separate epochs, a first for FRB observations using the VLBI technique, we use
this to test the astrometric accuracy of the method (§ 5.4). We investigate the astrometric
accuracy for individual bursts and low number of available antennas. Finally, we discuss our
results in the context of recent studies of FRB 20201124A and other FRBs.

5.2 Observations

We observed FRB 20201124A on April 10 2021 15:00 – 21:00 UT (project ID pr153a) and
April 19 2021 13:30 – 19:30 UT (project ID pr156a) as part of our ongoing FRB VLBI lo-
calisation project, PRECISE (Pinpointing REpeating ChIme Sources with Evn dishes)2. We
used an ad-hoc array of 6 and 9 radio telescopes (that are also part of the EVN) on April 10
and 19, respectively. We pointed at the position derived from earlier Very Large Array (VLA)
observations: RA (J2000) = 5h08m03.5s, Dec (J2000) = +26◦03′37.8′′ (Law et al., 2021).
The telescopes that participated in our campaign were Onsala (On-85), Toruń, Irbene, West-
erbork single-dish RT1, Noto and Effelsberg at Epoch 1, and Onsala (On-85), Toruń, Irbene,
Westerbork single-dish RT1, Medicina, Svetloe, Badary, Sardinia and Effelsberg at Epoch 2.
The central observing frequency of our observations was 1.4GHz, and the bandwidth and
number of subbands was dependent on the capabilities at each station (see Table 5.1). Phase
referencing was done with a cycle time of 6–8.5min: 1.5–2.5min on the phase calibrator
source (J0502+2516, at a separation of 1.4◦ from FRB 20201124A), followed by 4.5–6.5min
on target. We use the position of J0502+2516 reported in the rfc2018a catalogue3 during
correlation: RA (J2000) = 5h02m58.474768s, Dec (J2000) = +25◦16′25.27549′′ (offset by
0.09mas in RA and Dec from the rfc2021c catalogue4, i.e. within the listed uncertainty of
0.12 mas). Scans of J1048+7143 and J0555+3948 were taken to use as fringe finders and
bandpass calibrators in the first and second epoch, respectively. Additionally, we observed
the pulsar PSR J2257+5909 for 5min per epoch to test the data quality of the single-dish
data, and frequent, phase-referenced scans of J0501+2530 to use as an interferometric
check source. In total, we observed the target FRB 20201124A for 7.1 hours.
We recorded raw voltage data with dual circular polarisation and 2-bit sampling from each
telescope that participated, in either VDIF (Whitney et al., 2010) or MARK5B (in the case of
Svetloe and Badary; Whitney 2004) format. In parallel, we simultaneously recorded pulsar
backend data at Effelsberg during both epochs and at Sardinia during Epoch 2. At Effels-
berg, total intensity filterbank data were recorded using the PSRIX pulsar backend (Lazarus
et al., 2016). Unfortunately, the PSRIX data recorded on April 10 suffered from an incorrect
2https://www.ira.inaf.it/precise/Home.html
3http://astrogeo.org/vlbi/solutions/rfc_2018a/
4http://astrogeo.org/sol/rfc/rfc_2021c/

https://www.ira.inaf.it/precise/Home.html
http://astrogeo.org/vlbi/solutions/rfc_2018a/
http://astrogeo.org/sol/rfc/rfc_2021c/
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Table 5.1: Individual telescope configurations used during our interferometric observations.
Telescope Frequency coverage (MHz) No. of subbands Epocha

Effelsberg (Ef) 1254 – 1510 16×16MHz 1,2
Onsala (O8) 1254 – 1510 16×16MHz 1,2
Toruń (Tr) 1254 – 1510 16×16MHz 1,2
Irbene (Ir) 1382 – 1510 8×16MHz 1,2
Westerbork (Wb) 1382 – 1510 8×16MHz 1,2
Noto (Nt) 1318 – 1574 16×16MHz 1
Medicina (Mc) 1350 – 1478 8×16MHz 2
Svetloe (Sv) 1382 – 1510 8×16MHz 2
Badary (Bd) 1382 – 1510 8×16MHz 2
Sardinia (Sr) 1350 – 1606 8×32MHz 2
a Epochs during which the telescope participated, where Epoch 1 corresponds to EVN project code EK048D,
and Epoch 2 is EK048E.

observing set-up and were not usable. The PSRIX data on April 19 was recorded with time
and frequency resolutions of 102.4µs and 0.49MHz, respectively, and a usable frequency
range of 1255–1505MHz. At Sardinia, the pulsar data were recorded using the Digital Filter-
bank Mark III backend (DFB; Prandoni et al., 2017), in psrfits format (Hotan et al., 2004).
These data have time and frequency resolutions of 128µs and 1MHz, respectively and a
frequency range of 1140.5–2163.5MHz, of which 1210.5–1739.5MHz is usable (given the
receiver response and radio frequency interference).

5.3 Analysis and Results

5.3.1 Burst discovery

For both Effelsberg and Sardinia, the raw voltage data and pulsar backend data were inde-
pendently searched for bursts using distinct analysis pipelines. We converted the raw volt-
age data to filterbank format with a time and frequency resolution of 128µs and 125 kHz,
respectively, using digifil (van Straten & Bailes, 2011). We used a Heimdall-based search
to identify candidate FRBs, which were then classified using the machine learning classifier
FETCH (specifically, models A and Hwith a 50% probability threshold; Agarwal et al., 2020).
In total, 27 candidates were identified by FETCH, of which 18 were deemed astrophysical
in nature by human inspection: 13 bursts on April 10 (Epoch 1) and a further 5 on April 19
(Epoch 2).
A single-pulse search of the PSRIX and DFB data was conducted using PRESTO tools (Ran-
som, 2001), including masking of radio frequency interference (RFI) using the rfifind tool.
The candidate FRBs were then classified using an automated clustering classifier based on
Michilli et al. (2018a). The data quality and analysis strategy was tested using a scan of
the test pulsar PSR J2257+5909. We independently found all 5 bursts from Epoch 2 in the
PSRIX data while only B14 was found in this way in the DFB data from Sardinia. The DFB
data were additionally searched using a Spandak-based pipeline5 (Gajjar et al., 2021, 2018)
5https://github.com/gajjarv/PulsarSearch

https://github.com/gajjarv/PulsarSearch
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Figure 5.1: Dynamic spectra, temporal profiles, and time-averaged spectra for all 18 bursts presented in this work.
For each sub-figure, the burst name and time/frequency resolution is shown in the top left and top right, respectively.
The coloured bars represent the 1-σ (dark) and 2-σ (light) regions of the temporal width and spectral extent of each
burst. The purple colour is used for bursts detected during Epoch 1, and cyan for those detected during Epoch 2. Data
which has been masked due to radio frequency interference is not plotted, and indicated with the red ticks. Each burst
has been de-dispersed using a dispersion measure of 412 pc cm−3.
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which discovered B15 and B16. Post-search analysis revealed that the other bursts were ei-
ther below the S/N threshold of 7 used in the search, or coincident with severe RFI and
consequently ruled non-astrophysical by the classifier.
For the remainder of this Letter, the bursts are named Bn, where n is an integer from 1 to
18, ordered according to the burst arrival time.

5.3.2 Localisation

The interferometric data were correlated using the software correlator SFXC (Keimpema
et al., 2015) at the Joint Institute for VLBI ERIC (JIVE; in the Netherlands), with an inte-
gration time of 2 s and 64 channels per 16MHz subband (under the EVN correlation-only
proposal EK048, PI: Kirsten). Using the arrival times of the 18 FRB 20201124A bursts de-
tected during our PRECISE campaign, a second correlation was performed for only the data
containing bursts, where the gate width used for correlation was determined by eye to max-
imise the signal-to-noise ratio (S/N). These values are recorded in Table 5.2. The phase
centre used for correlation was the VLA FRB 20201124A localisation position (Law et al.,
2021), which has an uncertainty of approximately 1 arcsecond. This meant that we were
not required to correlate the data for a third time to move the phase centre closer to the FRB
position, as has been required in previous VLBI FRB projects (Marcote et al., 2020; Kirsten
et al., 2022).

Table 5.2: Interferometric burst properties.
Burst Peak positiona Gaussian positionb

σ
c

maj σ
d

min θ
e Peak flux densityf S/Ng Gate width Effective no.

[RA, Dec (J2000)] [RA, Dec (J2000)] [mas] [mas] [deg] [Jy/beam] [ms] of baselines h

Epoch 1
B1 05h08m03.5070s, +26◦03′38.503′′ 05h08m03.5099s, +26◦03′38.5068′′ 496.1 196.5 46.4 0.34±0.06 11.3 4.12 10
B2 05h08m03.5073s, +26◦03′38.504′′ 05h08m03.5133s, +26◦03′38.4931′′ 731.9 331.5 52.5 0.65±0.05 13.8 8.49 10
B3 05h08m03.4865s, +26◦03′38.601′′ 05h08m03.4997s, +26◦03′38.5736′′ 1029.9 498.5 55.8 0.19±0.04 5.2 4.02 6
B4 05h08m03.5170s, +26◦03′38.441′′ 05h08m03.5112s, +26◦03′38.5055′′ 773.1 353.3 55.8 0.32±0.05 7.4 5.15 6
B5 05h08m03.5140s, +26◦03′38.529′′ 05h08m03.5097s, +26◦03′38.5686′′ 624.6 270.7 89.9 0.24±0.03 10.7 7.50 6
B6 05h08m03.5068s, +26◦03′38.504′′ 05h08m03.5079s, +26◦03′38.496′′ 762.3 324.8 105.6 0.95±0.06 13.5 14.54 15
B7 05h08m03.4822s, +26◦03′38.482′′ 05h08m03.5155s, +26◦03′38.5333′′ 1203.2 487.3 110.8 0.33±0.05 7.3 3.78 6
B8 05h08m03.5063s, +26◦03′38.496′′ 05h08m03.5076s, +26◦03′38.4971′′ 1267.3 382.9 114.4 0.54±0.06 13.4 10.75 6
B9 05h08m03.5102s, +26◦03′38.229′′ 05h08m03.5046s, +26◦03′38.4606′′ 1535.8 611.9 109.0 0.23±0.04 9.2 8.47 6
B10 05h08m03.5290s, +26◦03′38.985′′ 05h08m03.5148s, +26◦03′38.8008′′ 1088.9 334.2 118.2 0.21±0.03 7.7 6.01 6
B11 05h08m03.5097s, +26◦03′38.519′′ 05h08m03.5062s, +26◦03′38.4736′′ 1327.6 274.1 128.2 1.29±0.20 16.6 10.56 15
B12 05h08m03.4839s, +26◦03′38.661′′ – – – – 0.17±0.03 4.3 5.12 15
B13 05h08m03.5509s, +26◦03′39.034′′ – – – – 0.67±0.06 13.3 8.18 6
Epoch 2
B14 05h08m03.5076s, +26◦03′38.507′′ 05h08m03.5071s, +26◦03′38.4802′′ 530.1 249.9 105.6 0.79±0.05 21.8 9.44 21
B15 05h08m03.5076s, +26◦03′38.509′′ 05h08m03.5059s, +26◦03′38.4744′′ 450.9 235.8 108.0 1.27±0.10 12.6 3.14 21
B16 05h08m03.5072s, +26◦03′38.509′′ 05h08m03.5072s, +26◦03′38.4593′′ 503.0 198.4 119.8 0.61±0.06 9.9 6.54 21
B17 05h08m03.5072s, +26◦03′38.508′′ 05h08m03.5106s, +26◦03′38.4852′′ 665.5 238.6 125.1 0.42±0.03 16.4 7.07 21
B18 05h08m03.5075s, +26◦03′38.511′′ – – – – 0.37±0.04 8.7 5.52 21
a Position of the intensity peak on the dirty map.
b Centroid of the 2-dimensional Gaussian fit to the intersection of the cross fringe pattern in the dirty map.
c The 1-σ major axis of the Gaussian
d The 1-σ minor axis of the Gaussian
e The rotational angle of the Gaussian. Measured anti-clockwise.
f Determined using the peak of the individual burst dirty maps.
g S/N of the clean maps per individual burst, where the clean maps are generated by fitting a circular Gaussian to the visibilities and
inverse Fourier transforming using DIFMAP’s modelfit tool.

h As is clear in Figure 5.1, some bursts are narrowband with emission mainly below 1380MHz.
Some of the participating telescopes did not observe the lower frequencies (Table 5.1) and therefore have reduced sensitivity to these bursts.
The “effective” number of baselines is including only the telescopes where the burst emission falls significantly within the observing band.

The analysis steps for interferometric calibration and imaging were performed using stan-
dard tasks in the Astronomical Image Processing System, AIPS (Greisen, 2003) and DIFMAP
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(Shepherd et al., 1994). Initially, using the products from the automated EVN Pipeline6, we
performed a-priori amplitude calibration using the gain curves and system temperature mea-
surements from each station. We also applied a bandpass calibration, in addition to some
basic flagging when telescopes were off-source. Burst B5 occurred while Effelsberg was still
slewing, and so these data were flagged by this initial flagging step. Therefore, we removed
these flags from the burst interferometric data to recover the data for burst B5. We note
that B5 occurred at most a few seconds before Effelsberg was pointing at the exact VLA
position of FRB 20201124A, and therefore was only at most 10% of Effelsberg’s half-power
radius (270 arcseconds at 1.4GHz) from the beam centre. We conclude that the offset is too
small to require an additional primary beam correction for this burst. At Epoch 1 (EVN cor-
relation project code: EK048D, PRECISE observing code: pr153a), no fringes were detected
from Irbene until 17:35 UT, and therefore there is no data from Irbene for bursts B1–B4.
The station Badary had reduced time during Epoch 2 (EK048E, pr156a) and therefore did
not observe after 15:45 UT, resulting in no data for this station during any of the bursts
detected at Epoch 2. Delays due to dispersion in the ionosphere are corrected for using the
Jet Propulsion Laboratory total electron content maps provided by CDDIS (Noll, 2010). We
first remove the instrumental delay, i.e. phase jumps between the subbands, using the bright
calibrator sources J1048+7143 and J0555+3948 for Epoch 1 and 2, respectively. Then we
correct the phases for the entire observation, as a function of time and frequency, by per-
forming a fringe-fit using all calibrator sources. Throughout, we use the most sensitive dish,
the 100-m Effelsberg telescope, as our reference antenna for calibration. During Epoch 2,
the phase solutions for Irbene were rapidly varying, thus we conclude that the solutions ap-
plied to the target are unreliable and we therefore flag these data. In Table 5.2, we report
the “effective” number of baselines. This accounts for: the stations that did not record data
at the time of the burst; stations that were flagged during calibration; and, additionally, the
loss of sensitivity due to the spectra of some bursts peaking in the lower part of the observ-
ing band of Effelsberg, where some telescopes did not observe (see Table 5.1 for frequency
coverage per participating telescope, and Figure 5.1 for the burst dynamic spectra).
The phase calibrator, J0502+2516, was then imaged using DIFMAP, independently for both
epochs. During Epoch 1, the recovered flux from the phase calibrator was 0.179 Jy, while
during Epoch 2, the flux had dropped to 0.102 Jy, and the clean image exhibited strong
side-lobes, which we attribute to persistent amplitude errors after calibration. Additionally,
radio maps of J0502+2154 from December 2018 at 5GHz and 8.6GHz exhibit an unre-
solved flux of ∼ 0.18 Jy7, allowing us to assume our higher measured flux is the true value.
We therefore use a model of J0502+2516 determined using the data from Epoch 1 to self-
calibrate the data from both epochs. This is an appropriate step, since the active galactic
nucleus (AGN) J0502+2516 is not expected to vary in brightness significantly on ∼week
timescales. The self-calibrated peak brightness of the phase calibrator is 0.178 Jy beam−1

and 0.179 Jy beam−1 for Epoch 1 and 2, respectively. The self-calibration solutions were
then transferred to the target, before imaging. Throughout this work we make images of
size 8192 × 8192, with 1-mas pixels.
6https://evlbi.org/evn-data-access
7http://astrogeo.org/cgi-bin/imdb_get_source.csh?source_name=J0502%2B2516

https://evlbi.org/evn-data-access
http://astrogeo.org/cgi-bin/imdb_get_source.csh?source_name=J0502%2B2516
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Table 5.3: Burst properties from Effelsberg single-dish data.
Burst Time of Arrivala Fluenceb S/Nc Peak Flux Densityb Spectral Luminosityd Widthe Frequency Extente Scintillation bandwidthf

[MJD] [Jy ms] [Jy] [1031 erg s−1 Hz−1] [ms] [MHz] [MHz]
Epoch 1
B1 59314.63581536 0.94±0.19 13.9 0.31±0.06 2.38±0.48 4.0±0.3 141.1±0.5 3.0±0.7
B2 59314.67002510 3.68±0.74 44.1 0.73±0.15 6.78±1.36 5.6±0.1 120.2±0.1 2.2±0.3
B3 59314.69180857 0.61±0.12 7.5 0.24±0.05 1.34±0.27 4.7±0.1 107.1±0.7 2.8±1.1
B4 59314.71490874 1.49±0.30 16.3 0.43±0.09 2.56±0.51 6.0±0.1 98.4±0.2 2.5±0.6
B5 59314.75153586 1.53±0.31 18.2 0.46±0.09 0.33±0.67 4.7±0.2 97.2±0.3 2.3±0.6
B6 59314.79580654 6.50±1.30 67.9 0.91±0.16 8.20±1.64 8.1±0.1 131.4±0.1 1.9±0.3
B7 59314.80440853 0.94±0.19 16.4 0.52±0.10 4.11±0.82 2.4±0.1 107.3±0.2 2.8±0.5
B8 59314.82591958 4.48±0.90 46.1 0.92±0.18 7.29±1.26 6.3±0.1 89.6±0.1 2.3±0.5
B9 59314.83037838 1.40±0.28 17.0 0.27±0.05 2.40±0.48 5.9±0.1 81.2±0.1 2.0±0.5
B10 59314.84159434 1.31±0.26 12.4 0.34±0.07 2.51±0.50 5.4±0.3 86.4±0.5 3.4±0.9
B11 59314.85888953 5.92±1.18 76.0 0.89±0.18 11.4±2.3 5.3±0.1 155.3±0.1 1.3±0.3
B12 59314.86388348 0.63±0.13 6.7 0.13±0.03 0.88±0.18 7.4±1.1 160.6±0.7 -
B13 59314.87198956 3.39±0.68 41.2 0.75±0.15 6.98±1.40 5.0±0.1 111.4±0.1 2.1±0.4
Epoch 2
B14g 59323.65617164 6.56±1.31 82.1 1.51±0.15 12.5±2.5 2.3±0.1 129.8±0.2 1.1±0.3

3.6±0.1 86.9±0.1
B15 59323.66919992 1.98±0.40 46.3 1.23±0.25 12.6±2.5 1.6±0.1 136.7±0.1 1.7±0.3
B16 59323.71603797 1.95±0.39 26.3 0.5±0.1 4.15±0.83 4.8±0.1 125.5±0.1 3.3±0.6
B17 59323.74152501 1.78±0.36 21.2 0.31±0.06 2.94±0.59 6.1±0.1 143.6±0.2 1.1±0.4
B18 59323.79497897 0.91±0.18 13.8 0.24±0.05 2.43±0.49 3.9±0.1 170.8±0.6 1.3±0.6
a Corrected to the Solar System Barycenter to infinite frequency assuming a dispersion measure of 412 pc cm−3,

reference frequency 1502MHz and dispersion constant of 1/(2.41×10−4)MHz2 pc−1 cm3 s.
The times quoted are dynamical times (TDB).

b We estimate a conservative 20% uncertainty on these measurements, arising due to the uncertainty in the system equivalent flux
density (SEFD) of Effelsberg.

c Boxcar S/N. Defined as the sum of the burst in S/N units within the 2σ uncertainty region of the width and spectral extent,
normalised by the 2σ width in time bins.

d Taking the luminosity distance of FRB 20201124A as 453Mpc (Day et al., 2021; Kilpatrick et al., 2021; Hilmarsson et al., 2021b)
e Full-width at half-maximum of the Gaussian fit to the autocorrelation function of the dynamic spectrum.
f The uncertainty on the scintillation bandwidth is the quadrature sum of the fit uncertainties and 1/

√
Nscint,

where Nscint is the approximate number of scintles.
g B14 has two visible components.

In Figure 5.2 (left), we plot the clean 1.4-GHz map of all 18 bursts presented in this
work. The combined uv-coverage of all 18 bursts results in a synthesised beam with ma-
jor axis 37.3mas, minor axis 17.98mas, and position angle of 55.85◦. The clean map
is produced by fitting a Gaussian component to the visibilities in the uv-plane, and in-
verse Fourier transforming using DIFMAP’s modelfit tool. The combined visibilities from
all bursts provides us with the best available uv-coverage, and so from this we derive the
J2000 position of FRB 20201124Ain the International Celestial Reference Frame (ICRF):
RA = 05h08m03.5074s ± 2.7mas, Dec = +26◦03′38.5052′′ ± 2.6mas. The peak emission
is 24σ compared to the image noise, with the next-highest side-lobes measured at approx-
imately 30% of the peak value. We note that the interferometric image S/N per individual
burst (Table 5.2) is in general lower than the Effelsberg single-dish S/N (Table 5.3) per burst.
The time-domain S/N is computed using off-burst data (data with only instrumental noise,
and no signal), whereas the noise properties of the interferometric data are influenced by
the signal itself, and contain strong residuals that become more prominent with brighter
signals and lower uv-coverage. The combined image S/N (24σ) is lower than the expected
combination of the individual burst S/N values (Table 5.2; quadrature sum is 51.2). This
likely arises due to this dynamic range issue described above, and possibly also coherence
loss when combining the individual bursts.
Additionally, we applied the same outlined calibration steps to the check source
J0501+2530, and recovered the source with positional offset ∆RA= 1.5mas, ∆Dec=
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Figure 5.2: Left panel: Clean EVN 1.4-GHz map of the combined visibilities of all 18 bursts detected during both
epochs (i.e. the inverse Fourier transform of the visibilities after deconvolving the telescope response). The white ticks
indicate the position of FRB 20201124A. The localisation regions of FRB 20201124A as reported by VLA (Ravi et al.,
2022), ASKAP (Fong et al., 2021) and uGMRT (Wharton et al., 2021c) are overplotted using pink, green and orange
lines, respectively. Right panel: Dirty EVN map (before deconvolution of the interferometer response) of all continuum
target data from both epochs to search for persistent radio emission. The position of FRB 20201124A is indicated by
the black ticks. Overplotted are the 3, 4 and 5-σ contours of the resolved radio emission detected by the VLA at 22GHz
(Piro et al., 2021). In both panels, the optical centre of the host galaxy is indicated by the yellow cross (Fong et al.,
2021). The synthesised beam is shown at the bottom left of each panel. Both maps are made using a natural weighting
scheme.

0.6mas from the expected position (as quoted in the rfc2021c catalogue8). The locali-
sation of FRB 20201124A is therefore robust. The uncertainties on the final position of
FRB 20201124A are the quadrature sum of the statistical uncertainties derived from the
shape and size of the synthesised beam, normalised by the S/N (∆RA= 0.7mas, ∆Dec=
0.4mas), the statistical uncertainty on the phase calibrator position (±0.13mas), an esti-
mate of the systematic uncertainty due to the separation of the phase calibrator and target
(conservatively ±2.5mas; Kirsten et al. 2015), and an estimate of the frequency dependent
shift in the phase calibrator position from the ICRF (conservatively ±1mas; Plavin et al.
2019). The position of FRB 20201124A reported here is in agreement (within 2-σ) of the
original EVN localisation reported in Marcote et al. (2021), which was determined using
only the burst data from Epoch 1. Our position for FRB 20201124A is also in agreement
with the independent measurements of the VLA (Ravi et al., 2022), the Australian Square
Kilometre Array Pathfinder (ASKAP) (Fong et al., 2021), and the upgraded Giant Meterwave
Radio Telescope (uGMRT; if one includes the estimated systematic uncertainties they dis-
cuss; Wharton et al. 2021c). These studies are approximately 2–3 orders of magnitude less
precise than the localisation presented here, however (a comparison is shown in Figure 5.2).

8http://astrogeo.org/sol/rfc/rfc_2021c/

http://astrogeo.org/sol/rfc/rfc_2021c/
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Additionally, we produced the dirty map of the entire ∼ 7 hours of target data from both
epochs, to search for any compact persistent radio emission at the site of the FRB, or nearby
(Figure 5.2; right). The rms noise in the continuum map, using a natural weighting scheme
(using uvweight in DIFMAP) is 14µJy beam−1, and using a uniform weighting scheme is
25µJy beam−1. In addition, we tried applying different Gaussian tapers, 1Mλ, 2Mλ and
5Mλ (using uvtaper in DIFMAP), to downweight the longer baselines and hence boosting
any possible extended emission. We find no significant persistent radio source above 6σ, in
an area of 8×8 arcseconds around the FRB. This is in agreement with the original report
in Marcote et al. (2021), and follow-up efforts with the Very Long Baseline Array (VLBA;
Ravi et al. 2022). The shortest baseline in our array is ∼ 270 km, between Effelsberg and
Westerbork, and thus emission above an angular scale of ∼ 160mas is resolved out.

5.3.3 Burst characterisation

The data were coherently dedispersed to a dispersion measure (DM) of 413 pc cm−3

(Chime/Frb Collabortion, 2021). We created 32-bit total intensity filterbank data for each
burst by autocorrelating the single-dish Effelsberg raw voltage data using SFXC. These data
have time and frequency resolutions of 8µs and 125 kHz, respectively. We then created
archive files using PSRCHIVE (Hotan et al., 2004), which have the same resolution as the
filterbank data. The dynamic spectra, time profiles, and time-averaged spectra for all bursts
are shown in Figure 5.1. We further refined the DM by optimising the frequency-averaged
structure (using DM_phase9) of burst B14, which exhibits clear burst structure, to measure
a DM of 412.2 ± 0.6 pc cm−3. Additionally, using B15, which does not exhibit clear structure
but is the narrowest burst in our sample, we measure a DM of 411.6 ± 0.4 pc cm−3. Note that
for B15, using DM_phase essentially maximises the S/N since it does not exhibit clear burst
structure. The final DM, which we used to incoherently shift the frequency channels for all
bursts in our sample, assuming the DM does not vary significantly on < 10day timescales,
was determined by averaging the two measurements: DM = 412.0 ± 0.7 pc cm−3.
To measure the temporal and spectral extent of the bursts, we performed a two-dimensional
autocorrelation of each dynamic spectrum. The time of arrival and central frequency of the
bursts were determined using a two-dimensional Gaussian fit to the dynamic spectrum. This
method of peak andwidth determination is explained inmore detail in Nimmo et al. (2022a),
and the values for the bursts in this work are reported in Table 5.3.
Within the 2σ burst width and spectral extent, indicated by the light purple and light cyan
bars in Figure 5.1, we compute the burst fluence using the radiometer equation (Cordes &
McLaughlin, 2003). For this, we use the typical Effelsberg system temperature, 20K, com-
bined with a cosmic microwave background contribution of 3 K, and a sky background tem-
perature of 1 K, which we obtain by extrapolating from the 408MHz sky map (Remazeilles
et al., 2015) using a spectral index of −2.7 (Reich & Reich, 1988). We also use the typical
Effelsberg gain of 1.54 Jy/K. The typical system values for Effelsberg are uncertain on the

9https://github.com/danielemichilli/DM_phase.git

https://github.com/danielemichilli/DM_phase.git
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20% level, dominating the uncertainty on the fluence and peak flux density measurements
reported in Table 5.3.
We computed the one-dimensional auto-correlation function (ACF) of the burst spectra in
order to measure the scintillation bandwidth. The scintillation bandwidth is defined as the
half-width at half-maximum (HWHM) of a Lorentzian fit to the ACF of the spectrum. We
note that the zero-lag noise spike is removed from each ACF. Additionally, we subtract the
off-burst ACF to reduce the power at low lags due to noise. The narrow-bandedness of many
of the bursts in our sample results in an additional frequency structure in the ACF with a
characteristic bandwidth related to that of the frequency extent of the burst. For all bursts,
other than B1, B15, B17 and B18, this broadband feature is visible in the ACF. We fit a
one-dimensional Gaussian function to this wider component and subtract it from the ACF
in order to disentangle the two frequency scales. Finally, we fit a Lorentzian function to the
remaining structure in the ACF, and measure the scintillation bandwidth per burst (reported
in Table 5.3), which we find to be consistent with the results presented in Main et al. (2022).

5.4 Discussion

5.4.1 Astrometry

The final position of FRB 20201124A is determined from a combined image of all 18 bursts
presented in this work. The combination of many bursts, at two epochs, maximises the
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Figure 5.3: Top row: dirty maps (i.e. the inverse Fourier transform of the visibilities) of the combined visibilities of
the 13 bursts discovered during Epoch 1 (left), the 5 burst during Epoch 2 (middle) and all bursts from both epochs
(right). Bottom row: same as the top row except showing clean maps (i.e. the Fourier transform of the visibilities
after deconvolving the telescope response). The zoom-in panel on the bottom right sub-plot shows the best-fit two-
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to 85% of the peak value. The synthesised beam is shown at the bottom left of each panel.
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uv-coverage. We also investigate the position of FRB 20201124A per observing epoch, in
order to explore how consistent the FRB position is with an independent calibration, and
observed on separate days. The position of FRB 20201124A using the combined visibilities of
13 bursts at Epoch 1 is RA = 05h08m03.5076s ±2.8mas, Dec = +26◦03′38.5035′′ ±2.8mas
(following the error determination described in Section 3.2, with a resulting S/N of 16.8,
and using the Epoch 1 beam shape). Similarly, the position of FRB 20201124A using the
combined visibilities of 5 bursts at Epoch 2 is RA = 05h08m03.5073s ± 2.9mas, Dec =
+26◦03′38.5081′′ ± 2.7mas (Epoch 2, S/N 18.5). Both per-epoch positions agree with the
combined-epoch final position, and with each other, within 2-σ. In Figure 5.3, we plot the
dirty maps (i.e. the inverse Fourier transform of the visibilities) of the combined visibilities
from all 13 bursts in Epoch 1, the combined visibilities from all five bursts in Epoch 2, and
the combined visibilities of all bursts from both epochs. Also shown in Figure 5.3 are the
corresponding clean maps, with a visual comparison of the astrometry per epoch.
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Figure 5.4: Dirty maps of the individual bursts, with the burst name shown at the top right corner of each panel.
The orange contours represent the two 2-dimensional Gaussian fit (1-σ region) to the cross fringe pattern. The white
contours represent the 1-σ and 2-σ Gaussian fit to the intersection of the double Gaussian, normalised by the S/N of
the double Gaussian peak. Note: B12, B13 and B18 do not have a constraining Gaussian fit due to the lack of cross
pattern in the dirty map. The best-fit FRB 20201124A position using all 18 bursts is shown by the red cross on each
panel, and the phase centre used for correlation is indicated by the yellow point.

To explore the astrometry further, we determine the positions of each burst individually,
using both the peak positions on the dirtymap (dominated by the long baselines in the array),
and Gaussian fits to the envelope of the fringe pattern (shown in Figure 5.4; dominated
by the short baselines). We note that due to the lack of uv-coverage per individual burst
(Figure 5.5), the peak sidelobe level in the dirty map is on average 97% of the main lobe,
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highest sensitivity in our array) which dominates the structure seen in the dirty maps (Figure 5.4). For the represen-
tative individual bursts, the burst name is shown in the top left of the panel.

and in the worst case is > 99%. This creates ambiguity in the individual burst positions, at
a level comparable to the spacing between sidelobes. This was also evident and discussed in
the case of the VLBI localisation of FRB 20121102A (Marcote et al., 2017), and highlights
the need for an alternative approach. As an alternative approach, we fit smooth Gaussian
functions to the dirty map pattern fringe pattern: we first fit 2-dimensional Gaussians to
both arms of the cross pattern in the fringes, and then fit a single 2-dimensional Gaussian
to their intersection. Note that we include the Gaussian fits only for bursts that exhibit a
clear cross fringe pattern in their dirty map (Figure 5.4), which arises since the dirty map is
dominated by baselines involving the Effelsberg telescope which span two primary axes in
the uv-space (Figure 5.5). A Gaussian is not necessarily the optimal function to fit to the dirty
map (the true function is dependent on the uv-coverage). However, it is clear from the two
two-dimensional Gaussian fits in Figure 5.4, and the fact that > 68% of the 1-σ Gaussians in
Figure 5.6 intersect with the position of FRB 20201124A, that this is a conservative approach
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to measure the intersection of the cross fringe pattern and to account for the ambiguity of
the burst position at the level of the sidelobe spacing.
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Figure 5.6: Individual burst positions determined using the intensity peak on the dirty maps (left) and a Gaussian fit
to the dirty maps which exhibit a clear cross fringe pattern (right; see also Figure 5.4). Circles indicate bursts from
Epoch 1 and diamonds bursts from Epoch 2. The colourbar represents the burst fluence divided by the square-root of
the burst width, and is used as a measure of the burst detectability (a proxy for S/N; Marcote et al. 2017). The black
bars represent a 100mas angular scale, while the red bars in the zoom-in panel represent 10mas angular scale. The
black ellipse on the left bottom plot represents the synthesised beam centred on the best-fit FRB 20201124A position,
while the cross on the right plots represent the best-fit FRB 20201124A position (in both cases, using all 18 bursts).
The points on the left plot outlined in red indicate the bursts that were detected with only six baselines, highlighting
the impact of low number of baselines on the scatter of individual burst positions.

The positions using both the peak and Gaussian fit methods are reported in Table 5.2, and
illustrated in Figure 5.6. In Figure 5.7, we show the separation of the peak and Gaussian posi-
tions per burst, from the best-fit position of FRB 20201124A. As a result of the larger number
of baselines (= N(N − 1)/2 = 21, for number of telescopes N) during the second epoch,
compared with the first, the peak positions of the Epoch 2 bursts agree within 10mas of the
true position. For the bursts from Epoch 1 (for which we have a lower number of baselines),
the scatter in the peak positions increases and deviates farther from the true position, as ex-
pected. Accurately determining the astrometric uncertainty on the individual peak positions
in the regime of low number of baselines, would likely require an empirical statistical study
similar to Martí-Vidal et al. (2010b). However, based on Figure 5.7, an arcsecond localisation
is feasible given one burst above a detectability threshold of Fluence/

√
Width ≈ 0.3 Jyms1/2

(Marcote et al., 2017), detected with only six baselines (four telescopes).
By looking at the phases of the visibilities of the individual bursts, there is clear scatter
between approximately 50◦ and 100◦. This scatter arises due to a combination of phase
noise, and errors in phase-referencing. The phase uncertainty from phase noise, ∆ϕnoise,
is related to the S/N as ∆ϕnoise = 1

S/N , for sufficient S/N (note that for small S/N this
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Figure 5.7: Separation of the peak (top) and Gaussian fit (middle) positions of the individual bursts as presented
in Figure 5.6, from the best-fit FRB 20201124A position (using all 18 bursts) — as a function of effective number
of baselines (defined in the text), and the detectability parameter, Fluence/

√
Width. The bottom panel shows the

separation of the peak individual burst positions from the best-fit FRB 20201124A position, as a function of the burst
peak flux density measured in the Effelsberg single-dish data (SEff) divided by that measured in the interferometric
data (SI). On all panels, the markers with the cyan circles indicate the bursts from Epoch 2.

approximation does not hold; Crane & Napier 1989). The uncertainty on the phase refer-
encing accuracy arises due to a combination of separation of phase calibrator and target,
atmospheric conditions, and accuracy of the correlation model. Martí-Vidal et al. (2010a,b)
derive expressions to estimate VLBI astrometric uncertainties depending on the separation
of phase calibrator and target, observing frequency, integration time, and the telescope’s
diffraction limit. Although this approach allows for the negligible integration time for indi-
vidual bursts, the small number of baselines will have a significant effect on the astrometric
accuracy in this limiting case. Therefore, the expressions for astrometric accuracy derived
in Martí-Vidal et al. (2010a,b) will underestimate the uncertainties on the astrometry of
individual bursts in this work, due to the lack of uv-coverage. Assuming we have a realistic
phase uncertainty, in our sparse uv-coverage example, of 80◦, arising from a combination of
phase noise and calibration uncertainty, the expected positional shift of the fringe pattern is
∼ 1.22λ/b × 100/180 ≈ 89mas, where λ is our central observing wavelength, and b in this
case is the shortest baseline of 270 km between Effelsberg andWesterbork (shortest baseline
is relevant here since the cross fringe pattern is dominated by the short baselines). This is con-
sistent with the scatter evident in the Gaussian fit positions on Figure 5.7 (mean= 70mas,
with standard deviation= 72mas). It is reasonable to expect an even larger scatter on the
peak positions since this combines the uncertainties on the short baselines, as well as on the
long baselines. Additionally, the peak positions will be highly influenced by the phase noise
on long baselines, which in general is larger than on shorter baselines. We indeed observe a
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larger mean and scatter on the peak positions than on the Gaussian fit positions (Figure 5.7;
peaks mean= 164mas, with standard deviation= 223mas). Note that we excluded three
bursts (B12, B13 and B18) from the Gaussian fits due to the lack of a cross-pattern on the
dirty maps, that we did not exclude from the peak positions in computing these statistics. By
removing the peak positions of those same bursts, we still find a larger mean and scatter com-
pared with the Gaussian fits (peaks mean= 120mas, with standard deviation= 166mas).
Therefore, due to the lower scatter in the Gaussian-fit positions in Figure 5.7 compared with
the peak positions, we conclude that the safer approach to determine individual burst po-
sitions, with an array of < 20 baselines, is by using the Gaussian fit method. In this work,
we are assuming that ionospheric turbulence is not varying drastically between observing
epochs, or at least that our calibration is correcting for this sufficiently accurately: a fair as-
sumption due to our relatively high observing frequency (> 1GHz). Here we have provided
an empirical investigation of astrometric uncertainties using one source at two epochs. This
does not allow us to consider a wide range of observing conditions, so future such studies on
other sources will be useful in our understanding of the limitations of VLBI FRB localisations.

5.4.2 The local environment of FRB 20201124A

The host galaxy of FRB 20201124A, SDSS J050803.48+260338.0 or hereafter J0508+2603
(Day et al., 2021) is a massive, star-forming galaxy (Ravi et al., 2022; Fong et al., 2021) at a
redshift of z = 0.098 (Kilpatrick et al., 2021). The VLA (D-configuration; Ricci et al. 2021)
detected unresolved compact persistent emission at 3GHz and 9GHz, in addition to the
uGMRT (Wharton et al., 2021b) detection of unresolved persistent emission at 600MHz.
Follow-up with 22-GHz VLA observations in C-configuration, allowed for the emission to be
resolved (Piro et al., 2021). The lack of compact emission in our EVN 1.4-GHz observations
(Figure 5.2), supports the conclusion that the radio emission seen with lower resolution
instruments is from star-formation (Ravi et al., 2022; Fong et al., 2021; Piro et al., 2021).
The milliarcsecond precision of our EVN localisation allows us to explore where the FRB
location is relative to the radio star-formation emission (Piro et al., 2021), and the centre of
the host galaxy (Fong et al., 2021). We find that FRB 20201124A is 710±30mas (projected
distance: ∼1.3 kpc, assuming an angular size distance of 375.9Mpc; Kilpatrick et al. 2021),
from the optical centre of the host galaxy, statistically inconsistent with originating from
the galaxy centre, similar to the discussion in Fong et al. (2021). The uncertainties on this
offset arise as the quadrature sum of the radio position uncertainty (4.5mas), the optical
position uncertainty in Pan-STARRS (13mas; Fong et al. 2021), and the astrometric tie un-
certainty between Pan-STARRS and Gaia (22mas; Magnier et al. 2020). We note that the
Gaia reference frame and the ICRF agree on the few-milliarcsecond level (Mignard et al.,
2016), therefore the uncertainties on the optical position and frame tying Pan-STARRS to
Gaia dominate the error budget. FRB 20201124A is 175±180mas from the peak of the radio
star-formation emission, where the uncertainty is dominated by the positional accuracy of
the peak of the extended 22-GHz emission (Piro et al., 2021).
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Future observations in optical and infrared, using high resolution instruments such as the
Hubble Space Telescope, will allow for a measurement of the proximity of FRB 20201124A
with star-forming knots in the host galaxy. This can be compared with the measured
250 pc and 260 pc offset from the peak of a nearby star-forming region in the case of
FRB 20180916B (Tendulkar et al., 2021), and FRB 20121102A (Bassa et al., 2017; Kokubo
et al., 2017), respectively. Additionally, these observations will allow for exploration of the
role of star-formation on the period of high activity (Lanman et al., 2022), the production
of extremely bright bursts (Kirsten et al., 2021a; Herrmann, 2021), as well as the pres-
ence of significant circular polarisation and polarisation angle swings in some bursts from
FRB 20201124A (Hilmarsson et al., 2021b; Kumar et al., 2022).
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Abstract

Fast radio bursts (FRBs) are brief, bright, extragalactic radio flashes (Lorimer et al., 2007;
Petroff et al., 2019). Their physical origin remains unknown, but dozens of possible models
have been postulated (Platts et al., 2019). Some FRB sources exhibit repeat bursts (Spitler
et al., 2016; CHIME/FRB Collaboration et al., 2019a,c; Kumar et al., 2019). Though over
a hundred FRB sources have been discovered to date (Petroff et al., 2016), only four have
been localised and associated with a host galaxy (Chatterjee et al., 2017; Ravi et al., 2019;
Bannister et al., 2019; Prochaska & Zheng, 2019), with just one of the four known to repeat
(Chatterjee et al., 2017). The properties of the host galaxies, and the local environments of
FRBs, provide important clues about their physical origins. However, the first known repeat-
ing FRB has been localised to a low-metallicity, irregular dwarf galaxy, and the apparently
non-repeating sources to higher-metallicity, massive elliptical or star-forming galaxies, sug-
gesting that perhaps the repeating and apparently non-repeating sources could have distinct
physical origins. Here we report the precise localisation of a second repeating FRB source
(CHIME/FRB Collaboration et al., 2019c), FRB 20180916B, to a star-forming region in a
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nearby (redshift z = 0.0337 ± 0.0002) massive spiral galaxy, whose properties and proxim-
ity distinguish it from all known hosts. The lack of both a comparably luminous persistent
radio counterpart and a high Faraday rotation measure (CHIME/FRB Collaboration et al.,
2019c) further distinguish the local environment of FRB 20180916B from that of the one
previously localised repeating FRB source, FRB 121102. This demonstrates that repeating
FRBs have a wide range of luminosities, and originate from diverse host galaxies and local
environments.
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6.1 Results

The CHIME/FRB Collaboration is beginning to discover many repeating FRB sources
(CHIME/FRB Collaboration et al., 2019a,c), which allows subsequent targeted observa-
tions using distributed radio telescope arrays to obtain precise interferometric localisations.
CHIME/FRB discovered (CHIME/FRB Collaboration et al., 2019c) the repeating source
FRB 20180916B, which we observed at a central frequency of 1.7 GHz and bandwidth of
128 MHz using eight radio telescopes of the European Very-long-baseline-interferometry
Network (EVN) for 5.5 hours on June 19th, 2019. As described in the Methods §6.2, we si-
multaneously recorded both EVN single-dish raw voltage data as well as high-time-resolution
intensity data using the PSRIX data recorder (Lazarus et al., 2016) in filterbank mode at
the 100-m Effelsberg telescope.
In a search of the PSRIX data, we detected four bursts from FRB 20180916B with signal-
to-noise ratios between 9.5 and 46. The observed dispersion measures (DM) of the bursts
are consistent with those previously reported (CHIME/FRB Collaboration et al., 2019c) for
this source. The burst properties, as derived from the PSRIX data, are listed in Table 6.1.
No other dispersed single pulses of plausible astrophysical origin were found in this search,
for DMs in the range 0–700 pc cm−3. Using the EVN raw voltage data, we generated high-
time-resolution (16-µs samples) Effelsberg auto-correlation data containing each burst. We
used coherent dedispersion to mitigate the intra-channel smearing that dominated over the
temporal resolution in the PSRIX data. By minimising dispersion broadening, we properly re-
solve the burst structure, and find a best-fit DM = 348.76±0.10 pc cm−3 using the brightest
burst (Methods §6.2). We also detect brightness modulation with a characteristic frequency
scale of 59 ± 13 kHz, which we interpret as scintillation imparted by the ionised interstellar
medium of the Milky Way (Methods §6.2). The properties of the four bursts, as seen in the
Effelsberg auto-correlations, are also shown in Table 6.1. The frequency-averaged burst pro-
files and dedispersed dynamic spectra are shown in Figures 6.1 and 6.2 for the Effelsberg
auto-correlation and PSRIX data, respectively.

Table 6.1: FRB 20180916B burst properties as detected in both the Effelsberg PSRIX data and the Effelsberg auto-
correlation data. S/N and Width are determined using single_pulse_search.py, and are the exact values returned
by this program for the best-fit boxcar function. The DM quoted for the PSRIX data is the DM corresponding to the
optimal S/N detection. The DM for the Effelsberg auto-correlation data is 348.76 pc cm−3, which is the S/N optimising
DM found for the brightest burst, B4, using the PSRCHIVE tool pdmp.
a Time of arrival of the centre of the burst envelope at the Solar System Barycentre after correcting to infinite frequency
(i.e. after removing the time delay from dispersion) using a DM of 348.76 pc cm3.

PSRIX data Auto-correlations
Burst Peak timea (MJD) S/N DM (pc cm−3) Width (ms) S/N DM (pc cm−3) Width (ms)
B1 58653.0961366466 14.65 345 1.64 9.87 348.76 2.40
B2 58653.1112573504 9.48 349 0.33 9.61 348.76 0.32
B3 58653.1465969404 11.08 356 0.74 9.78 348.76 1.12
B4 58653.2785078914 46.30 350 0.49 65.42 348.76 0.06

We then used the EVN raw voltage data to create coherently dedispersed cross-correlations,
also known as visibilities, at the times of the four bursts. Radio interferometric images with
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Figure 6.1: Burst detections in Effelsberg auto-correlation data. Band-averaged profiles and dynamic spectra of
the four bursts, as detected using the coherently dedispersed Effelsberg auto-correlation data (a, b, c and d). Each
burst was fitted with a Gaussian distribution to determine the full-width at half-maximum (FWHM) durations, which
are represented by the dark cyan bars. The lighter cyan encloses the 2-σ region. Bursts B3 and B4 (c and d) show
sub-bursts; the orange, purple and green bars correspond to the FWHM of these sub-bursts, and the lighter bar (of each
colour) encloses the 2-σ region. Note the different time windows plotted: B1 and B3 (a and c) show 12 ms, whereas B2
and B4 (b and d) show 6 ms surrounding the burst peak. The solid white lines represent frequency channels that have
been removed from the data due to either RFI or subband edges, indicated by the red and blue markers, respectively.
The burst data have been downsampled by various factors in time and frequency to optimise the visual representation.
The RFI excision was done prior to downsampling. The time and frequency resolution used for plotting is shown in
the top right of each panel.
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Figure 6.2: Burst detections in Effelsberg PSRIX data. Band-averaged profiles and dynamic spectra of the four
bursts, as detected in the PSRIX data (a, b, c and d). A 20-ms time window is shown surrounding the burst centre.
Each burst was fitted with a Gaussian distribution to determine the FWHM duration, which is represented by the cyan
bars. The lighter cyan encloses the 2-σ region. The solid white lines are frequency channels that have been removed
from the data due to either RFI or subband edges, indicated by the red and blue markers, respectively. For visual clarity,
bursts B1, B2 and B3 (a, b and c) are downsampled in both time and frequency by a factor of two. The RFI excision
was done prior to downsampling. The time and frequency resolution used for plotting is shown in the top right of each
panel.
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milli-arcsecond resolution were produced for each individual burst, using a single 0.7–2.7-
ms integration, depending on the burst duration. Each image shows emission above at least
seven times the r.m.s. noise level (Figure 6.3; see Methods §6.2 for a detailed explanation of
the calibration and imaging process). The four burst images provide an average J2000 posi-
tion for FRB 20180916B of α = 01h58m00.7502s ± 2.3 mas, δ = 65◦43′00.3152′′ ± 2.3 mas.
Visibilities with 2-second time resolution were also generated for the entire observation span.
We used these to produce an image of the field around FRB 20180916B in order to search
for a persistent radio counterpart, like that seen in the case of FRB 121102 (Chatterjee et al.,
2017; Marcote et al., 2017). No such emission is detected above a 3-σ r.m.s. noise level of
30 µJy beam−1. Independent observations using the Karl G. Jansky Very Large Array (VLA)
at 1.6 GHz detect no coincident emission above a 3-σ r.m.s. noise level of 18 µJy beam−1

(see Methods §6.2 and Figure 6.4).
The precise EVN position shows that FRB 20180916B is spatially coincident with a galaxy cat-
alogued in the Sloan Digital Sky Survey (Alam et al., 2015) as SDSS J015800.28+654253.0.
Given the maximum expected redshift of approximately 0.11, as inferred by the measured
DM (Methods §6.2), we find that the probability for chance coincidence is less than 1% for
any type of galaxy with mass greater than ∼ 40% that of the FRB 121102 host (Methods
§6.2). Moreover, we thus conclude that the association of FRB 20180916B to this particular
galaxy is significant. FRB 20180916B is close to the plane of the Milky Way, with Galactic
longitude l = 129.7◦ and latitude b = 3.7◦. Its low DM excess compared to the Milky Way
contribution (Methods §6.2) brought into question whether it could possibly be a Galactic
disk or halo object (CHIME/FRB Collaboration et al., 2019c), but the host galaxy association
shows that it is clearly extragalactic.
We used the 8-m Gemini-North telescope to characterise the morphology of the host galaxy
and to measure a spectroscopic redshift (Methods §6.2). Deep optical imaging reveals that
the host is a nearly face-on spiral galaxy (Figure 6.5) with a total stellar mass of approxi-
mately 1010 times that of the Sun (Methods §6.2), which is comparable to the total stellar
mass of the Milky Way. No other comparably large and bright galaxy is visible in the broader
field covered by Gemini-North (Figure 6.6). The milli-arcsecond precision of the EVN locali-
sation shows that the FRB source is close to a bright feature in r

′-band approximately 7 arcsec
(projected separation of roughly 4.7 kpc) from the core of the host galaxy.
With Gemini-North long-slit spectroscopy, we simultaneously targeted the host galaxy cen-
tre and the offset position of FRB 20180916B (Figure 6.5). This revealed strong Hαemission,
and several other spectral lines commonly associated with star formation (Figure 6.5). By
measuring optical line ratios, we confirm that the host is indeed a star-forming galaxy (Fig-
ure 6.7).
Comparing with the rest frequencies of the lines, we find a redshift z = 0.0337 ± 0.0002,
which corresponds to a luminosity distance of 149.0±0.9 Mpc (or an angular size distance of
139.4 ± 0.8 Mpc) using standard cosmological parameters (Wright, 2006). FRB 20180916B
is thus the closest-known FRB source with a robust host galaxy identification and mea-
sured redshift. It is a factor of six closer than the repeater FRB 121102 (Tendulkar et al.,
2017), and more than an order-of-magnitude closer than the (thus far) non-repeating
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Figure 6.3: EVN images and burst positions. Each individual burst is imaged by using the EVN gated visibility data
(a, b, c and d). Contours start at three times the r.m.s. noise level of each image (75, 65, 43, 100 mJy beam−1, and
9.7 µJy beam−1, respectively) and increase by factors of

√
2. e: image using the full span of the EVN observation and

2-s integration time; no significant (> 3σ) persistent radio emission is detected at the positions of the bursts (denoted
by the red cross) and no signal above the 4-σ level is detected anywhere within the full field. For all images, the
synthesised beam is represented by the grey ellipse in the bottom-left corner. The Tianma station was only included
in the derivation of the continuum image (e). f: the positions derived from each individual burst and their associated
1-σ uncertainties (orange), with respect to the weighted-average burst position (black). All positions are referred to
α = 01h58m00.7502s

, δ = 65◦43′00.3152′′.



152 A repeating fast radio burst source localized to a nearby spiral galaxy

6

sources FRB 180924 (Bannister et al., 2019), FRB 181112 (Prochaska & Zheng, 2019) and
FRB 190523 (Ravi et al., 2019).

1h57m50s58m00s10s

Right Ascension (J2000)

+65◦42′

43′

44′

D
ec

lin
at

io
n

(J
20

00
)

Figure 6.4: VLA field image. Field of the continuum radio emission around FRB 20180916B as seen by the VLA at
1.6 GHz with a bandwidth of 0.6 GHz. The position of FRB 20180916B is marked by the red cross at the centre of the
image. Contours start at the 3-σ r.m.s. noise level of 18 µJy beam−1 and increase by factors of

√
2. The synthesized

beam is represented by the grey ellipse in the bottom-left corner. Note that a faint source is detected at around 6 arcsec
north of FRB 20180916B, but its separation is significant (>3-σ confidence level) and we thus conclude that it is not
associated with FRB 20180916B.

The optical spectrum at the location of FRB 20180916B shows that both the associated star-
forming clump and the host galaxy core are at the same redshift (Figure 6.5). However, the
spectrum at the location of FRB 20180916B is dominated by emission from the clump, which
is offset from the centre of the slit. Hence we have no independent direct estimate of the
emission or dispersion measure at the position of FRB 20180916B from the Gemini-North
data. By considering the various modelled foreground contributions to DM, we estimate
that the host contribution is less than approximately 70 pc cm−3, and could be substantially
smaller (Methods §6.2).
FRB 20180916B is located at the apex of the ‘v-shaped’ star-forming clump (Figure 6.8) with
a relatively large (Gusev, 2014) projected size of roughly 1.5 kpc and a star-formation rate
of ≳ 0.016 M⊙ yr−1 (and a star-formation surface density of ≈ 10−2 M⊙ yr−1 kpc−2). The
v-shaped star-forming clump is a remarkable feature of the galaxy, suggesting the possibil-
ity that the region has undergone an interaction that triggered the star formation, either
between multiple star-forming regions or conceivably involving a putative dwarf satellite
companion.
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Å
S

II
6

7
3

0
.8

Å

O
II

I
5

0
0

6
.8

Å
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Figure 6.5: Gemini-North host galaxy image and optical spectrum. a: image of the host galaxy using the r
′ filter.

The position of FRB 20180916B is marked. The inset shows a higher contrast zoom-in of the star-forming region
containing FRB 20180916B (marked by the red circle). The uncertainty in the position of FRB 20180916B is smaller
than the resolution of the image. b: sky-subtracted spectrum extracted from a 5 arcsec aperture around the host galaxy
core (blue) and a 2 arcsec aperture around the location of FRB 20180916B (orange, scaled by a factor of five for clarity).
Emission lines are identified along with their rest-frame wavelengths in air. Due to the complicated shape of the galaxy,
the fluxes have not been corrected for slit losses.
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The spiral host galaxy of FRB 20180916B contains over 100 times more stellar mass and
has five times higher metallicity (see Figure 6.7 and Methods §6.2) than the dwarf host
galaxy of FRB 121102. The discovery of this host demonstrates that some FRB sources exist
in galaxies more similar to our own Milky Way. Previously, it has been noted (Tendulkar
et al., 2017; Marcote et al., 2017; Metzger et al., 2017) that the host of FRB 121102 is
similar to the type of low-metallicity galaxies with high specific star-formation rate that
are associated with hydrogen-poor superluminous supernovae and long-duration gamma-
ray bursts. In contrast, the FRB 20180916B host is unlike such galaxies; this weakens the
case for a general link between all repeating FRB sources and these extreme astrophysical
explosions. In a search of the Open Supernova Catalog (Guillochon et al., 2017), we find no
previous supernovae or gamma-ray bursts at the location of FRB 20180916B.
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Figure 6.6: Full field of view of the Gemini r
′ filter. The position of FRB 20180916B is highlighted by the red cross.

Note that the spiral galaxy associated with FRB 20180916B is the only clearly visible galaxy in the field.

The proximity of FRB 20180916B constrains the presence of any persistent radio counterpart
to a luminosity (at a 3-σ confidence level) of νLν < 1.3 × 1036 erg s−1 from the continuum
EVN data (sensitive to milliarcsecond scales) and to νLν < 7.6 × 1035 erg s−1 from the
VLA data (sensitive to emission on arcsecond scales; see Methods §6.2). Compared to the
persistent source associated with the repeating FRB 121102, this upper limit implies that
any such source associated with FRB 20180916B must be at least 400 times fainter than
the one associated with FRB 121102 (Marcote et al., 2017). The previously determined
(CHIME/FRB Collaboration et al., 2019c) Faraday rotation measure of FRB 20180916B,
RM = −114.6 ± 0.6 rad m−2, is three orders of magnitude lower than that of FRB 121102
(Michilli et al., 2018b), where RM ∼ 105 rad m−2. As previously suggested (CHIME/FRB
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Figure 6.7: Host galaxy source of ionisation. Emission line flux ratios of a: [N ii]/Hαand b: [S ii]/Hαagainst
[O iii]/Hβ. The grey-scale distribution represents the SDSS DR12 sample (Alam et al., 2015) of 240,000 galaxies that
display significant emission lines (> 5σ), where the solid and dotted grey lines denote the demarcations between star-
forming and AGN-dominated galaxies (Kewley et al., 2001; Kewley & Dopita, 2002; Kauffmann et al., 2003). The host
galaxies of FRB 121102 and FRB 180924 are consistent with star-forming and AGN-dominated galaxies, respectively
(Tendulkar et al., 2017; Bannister et al., 2019). Though the Gemini-North spectrum of FRB 20180916B does not cover
the [O iii] and Hβ lines, its [N ii]/Hαand [S ii]/Hαline ratios are broadly consistent with a star-formation dominated
galaxy (represented by the vertical lines and the 1-σ region as line width).

Collaboration et al., 2019c), we conclude that FRB 20180916B is located in a much less
extreme local environment compared with FRB 121102, and that the physical mechanism
for FRB repetition does not depend on such conditions. Nonetheless, models originally pro-
posed for FRB 121102 (Margalit & Metzger, 2018; Metzger et al., 2019) — in which the
bursts originate from a young and rapidly rotating magnetar — could potentially still ex-
plain the observed properties of FRB 20180916B by invoking an age of ∼300 yr, which is
ten times older than that proposed for FRB 121102 (see Methods §6.2 for a brief comparison
to existing models).
While the host galaxies of FRB 20180916B and FRB 121102 are markedly different, both
sources are located near or within a star-forming region in the host galaxy. This contrasts
with the elliptical host galaxies of FRB 180924 (Bannister et al., 2019) and FRB 190523
(Ravi et al., 2019), where there is comparatively little active star formation, but may be
consistent with the star-forming galaxy of FRB 181112 (Prochaska & Zheng, 2019). This
diversity in hosts and local environments allows for the possibility that repeating and ap-
parently non-repeating FRB sources have physically distinct origins. However, comparison
of FRB event rates with those of proposed progenitors disfavours models that invoke cata-
clysmic explosions and suggests that a large fraction of sources must be capable of repeating
(Ravi, 2019). The recent finding that FRB 171019 produces repeat bursts that are almost
600 times fainter compared to the originally discovered signal (Kumar et al., 2019) under-
scores the fact that the detectability of repetition depends on instrumental sensitivity and
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Figure 6.8: Zoomed-in images at the position of FRB 20180916B. Gemini data at r
′ (a) and g

′ bands (b). The
position of FRB 20180916B is highlighted by the white cross. the uncertainty on its position is smaller than the
resolution of these images. The dashed lines represent the orientation and placement of the 1.5 arcsec spectroscopic
slit used to obtain the optical spectra. Note that the slit does not cover the full star-forming region but the region
centred on FRB 20180916B and that the whole region is strongly affected by extinction (E(g − r) = 1.73(9)).

source proximity. If FRB 20180916B were at the distance of the other well-localised FRBs,
only a small fraction of its (brightest) bursts would be visible.
Furthermore, it has been proposed that a young magnetar origin for the bursts of as-yet non-
repeating FRBs in non-star-forming regions is still viable as long as it is possible to form such
sources through a variety of channels, including direct stellar collapse, accretion-induced
collapse, and through the merger of compact objects (Margalit et al., 2019). Ultimately,
a larger number of precision localisations is needed before we can establish that multiple
physical origins are required to explain the observed FRB phenomenon. There are now 11
repeating FRBs known (Spitler et al., 2016; CHIME/FRB Collaboration et al., 2019a; Kumar
et al., 2019; CHIME/FRB Collaboration et al., 2019c), and with precision localisations it will
be possible to establish whether repeating and apparently non-repeating FRB sources have
demonstrably different environments.
FRBs have now been localised with luminosity distances that span approximately 150 Mpc
to 4 Gpc. Estimating distance purely based on DM, it appears likely that there are FRBs that
are even closer (Mahony et al., 2018) or more distant (Bhandari et al., 2018; CHIME/FRB
Collaboration et al., 2019c) compared with this range. The four bursts presented here have
isotropic-equivalent spectral energy densities as low as approximately 5 × 1027 erg Hz−1

(Table 6.2). Assuming similar beaming fractions, this makes them close to an order of mag-
nitude less energetic compared to the weakest bursts seen from FRB 121102 to date (Gour-
dji et al., 2019), and between four to six orders-of-magnitude less energetic compared to
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Table 6.2: Burst properties. Widths, fluences and spectral energy densities are determined using the Effelsberg
auto-correlation data of the bursts from FRB 20180916B, with a centre frequency of 1.7 GHz and dedispersed for a
DM = 348.76 pc cm−3. Wtot is the FWHM of the total burst envelope, and Wsubn represents the FWHM of any sub-
bursts, ordered according to their arrival time (earliest sub-burst is labelled “sub1”). The coloured boxes correspond to
the bars in Figure 6.1 highlighting which structure is associated with the quoted widths. The fluence is determined by
integrating the burst profile over Wtot and is converted to physical units using the radiometer equation (see Methods
§6.2; Cordes &McLaughlin 2003). The spectral energy density is estimated using the measured fluence and luminosity
distance. The position offsets (∆α, ∆δ) are referred to the average J2000 burst position of α = 01h58m00.7502s

, δ =
+65◦43′00.3152′′. The flux densities, Sν , are measured by fitting a circular Gaussian to the EVN visibility data and
are averages over the gate width.
a At 1.7 GHz reference frequency, and corresponding to the sum of all sub-bursts. A conservative fractional error of
30% is adopted for the derived fluences and energy densities. These are assumed to be isotropic.
b At 1.7 GHz reference frequency. The absolute flux scale may exhibit an additional ∼15% uncertainty due to possible
systematic gain calibration offsets.
c See Methods for how the total burst width of B4 was determined.

Burst Wtot Wsub1 Wsub2 Wsub3 Fluence Spectral energy density ∆α ∆δ Sν

(ms) (ms) (ms) (ms) (Jy ms)a (1028 erg Hz−1)a (mas) (mas) (Jy)b
B1 1.86 ± 0.13 – – – 0.72 1.90 −2.1 ± 3.2 1.1 ± 3.2 0.74 ± 0.08
B2 0.24 ± 0.02 – – – 0.20 0.53 −1.5 ± 2.9 −0.2 ± 2.9 0.66 ± 0.05
B3 1.72 ± 0.14 0.14 ± 0.02 0.12 ± 0.01 – 0.62 1.64 2.8 ± 2.8 −1.4 ± 2.8 0.50 ± 0.04
B4 1.66 ± 0.05c 0.24 ± 0.01 0.06 ± 0.0006 0.68 ± 0.03 2.53 6.68 0.1 ± 1.9 0.3 ± 1.9 2.3 ± 0.3

FRB 180924 (Bannister et al., 2019) and FRB 190523 (Ravi et al., 2019). Unless multiple
models are invoked, a viable model for FRBs must address this large range of (apparent)
energy outputs.
Comparing instead with pulsar emission, we note that the bursts from FRB 20180916B are
still at least a million times more energetic compared to the brightest giant pulses seen from
the Crab pulsar — suggesting that they are not simply an exceptionally bright version of the
known pulsar giant pulse phenomenon (Lyutikov, 2017).
As previously suggested (CHIME/FRB Collaboration et al., 2019c), the proximity of
FRB 20180916B is an advantage for multi-wavelength follow-up of the host galaxy and
local environment. Whereas targeted observations of FRB 121102 have failed to detect ei-
ther prompt or persistent optical, X-ray or gamma-ray counterparts (Scholz et al., 2016,
2017; Hardy et al., 2017; MAGIC Collaboration et al., 2018), similar observations towards
FRB 20180916B may strongly constrain magnetar-based models, even in the event of non-
detections. FRB 20180916B is thus one of the most promising known sources for understand-
ing the nature of FRBs.

6.2 Methods

6.2.1 A priori localisation.

The CHIME/FRB Collaboration discovered (CHIME/FRB Collaboration et al., 2019c) the re-
peating source FRB 20180916B and refined its position using the CHIME/FRB baseband
mode. The automatic baseband triggering system of CHIME/FRB (CHIME/FRB Collabora-
tion et al., 2018) captured (CHIME/FRB Collaboration et al., 2019c) raw voltages for a burst
from FRB 20180916B. The intensity of the signal in the region surrounding the original de-
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tection was then calculated by producing a grid of tightly-packed tied-array beams. A refined
position was obtained by fitting this intensity map with a simple model of the telescope beam
(Michilli et al., 2021). Since the analysis strategy was still in a preliminary stage at the time,
we estimate a systematic uncertainty on this position of roughly three arcminutes, based on
a small sample of four known pulsars. CHIME/FRB baseband localisations are expected to
have higher precision in the future.

6.2.2 European VLBI Network and Effelsberg observations.

The EVN observed the field of FRB 20180916B on June 19th, 2019 for 5.5 h at a central
frequency of 1.7 GHz and with a bandwidth of 128 MHz. The phase centre was placed at the
position provided by the initial CHIME/FRB baseband localisation: α = 01h57m43.2s

, δ =
65◦42′01.02′′ (J2000 coordinates).
A total of eight dishes participated in the EVN observations: the 100-m Effelsberg, the 65-m
Tianma, the 32-m Medicina, the 32-m Toruń, the 32-m Irbene, the 25-m × 38-m Jodrell
Bank Mark II, the 25-m Onsala, and a single 25-m dish from the Westerbork array. The data
were streamed in real time (e-EVN setup) to the EVN Software Correlator (SFXC; Keimpema
et al. 2015) at the Joint Institute for VLBI ERIC (JIVE) in Dwingeloo, The Netherlands. The
real-time visibility data are comprised of eight 16-MHz subbands of 32 channels each, with
full circular polarisation products, and 2-s time averaging.
In parallel, we buffered the individual station raw voltage data in order to allow high-time-
resolution correlations afterwards, at the times of any detected bursts. This method allows
one to recover the signal from any position within the primary beam of the antennas (which
have a full-width at half-maximum, FWHM, of roughly 7 arcmin in the case of the 100-m
Effelsberg dish, and roughly 30 arcmin for the 25-m antennas), which would otherwise be
smeared due to time and frequency averaging if it is more than tens of arcseconds away from
the phase centre used in cross-correlation. We observed 3C454.3 and J0745+1011 as fringe-
finders and bandpass calibrators. J0207+6246 was observed as phase calibrator (located
3.1◦ away from FRB 20180916B) in a phase-referencing cycle of 2 min on the calibrator
and 5 min on the target, FRB 20180916B. We also observed J0140+6346 as a check source
(3.1◦ away from the same phase calibrator) following the same phase-referencing cycle.
Simultaneously, we recorded high-time-resolution filterbank data at 1.7 GHz using the 100-
m Effelsberg telescope and the PSRIX data recorder (Lazarus et al., 2016), which is designed
for pulsar observations. We observed FRB 20180916B for a total on-source time of 3.47 h in
the frequency range 1597–1737 MHz. This total bandwidth was divided into 144 spectral
channels of 0.98 MHz each. Of these, the bottom 48 channels were corrupted by radio
frequency interference (RFI), likely from Iridium satellites. Consequently, these channels
were removed from the data prior to beginning the analysis, giving a usable bandwidth of
93.75 MHz. The data were recorded with full Stokes information and a time resolution of
81.92 µs. Before the beginning of the observation, we performed a short test scan on the
known pulsar PSR B2111+46, in order to verify the data integrity.
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6.2.3 Interferometric data reduction.

The EVN data were analysed using standard procedures within the Astronomical Image Pro-
cessing System (AIPS; Greisen 2003) and Difmap (Shepherd et al., 1994) software pack-
ages. A priori amplitude calibration was performed using the known gain curves and system
temperature measurements recorded at each station during the observations. Poor data, pri-
marily due to RFI, were flagged manually (≲ 10% of the total data). The remaining data
were then fringe-fitted and bandpass calibrated using the fringe-finders and phase calibra-
tor, which were imaged and self-calibrated to improve the final calibration of the data. The
obtained solutions were transferred to FRB 20180916B and J0140+6346 before creating
the final images.
The check source J0140+6346 was used to estimate both the absolute astrometric uncer-
tainty and the potential amplitude losses that could have been introduced due to the phase-
referencing technique. Although the latter accounted for less than approximately 10% of the
total flux density scale, we found a significant offset (∼ 4 mas) of the centroid of the check
source position with respect to its known coordinates from the International Celestial Refer-
ence Frame (ICRF). The origin of this offset is explained by both the uncertainties associated
with the phase-referencing technique (Chatterjee et al., 2004; Pradel et al., 2006; Kirsten
et al., 2015) and the extended structure of J0207+6246, the phase calibrator. The core of
this source shows multiple components that make the determination of the true position of
the source ambiguous at the milli-arcsecond level. We corrected for this observed offset in
all burst positions presented in this study, but an uncertainty on the final absolute positions
of ±1.7 mas and ±2.1 mas in right ascension and declination, respectively, still remains due
to the ambiguity in the exact position of this reference source and its extension (the source
is resolved on milliarcsecond scales).

6.2.4 Search for FRB 20180916B bursts.

The PSRIX data were analysed in order to search for dispersed, millisecond-duration bursts,
using the PRESTO (Ransom, 2001) software package. The tool rfifind was used to iden-
tify frequency channels and time samples contaminated by RFI. We estimate that ∼ 4%
of the data were masked using rfifind. Incorporating the RFI mask, the data were then in-
coherently dedispersed to DMs in the range 0–700 pc cm−3 in steps of 1 pc cm−3 using
prepsubband, generating dedispersed time series at each trial DM. To search for short-
duration bursts, each dedispersed time series was convolved with boxcar functions of var-
ious widths, using single_pulse_search.py. Given the frequency resolution of the PSRIX
data, the residual dispersive delay within each channel results in a temporal smearing of
∼ 0.6 ms at the expected (CHIME/FRB Collaboration et al., 2019c) DM of FRB 20180916B
(349 pc cm−3). This intra-channel smearing dominates over the sampling time, causing a
loss of sensitivity to extremely narrow bursts. We were sensitive to bursts with widths ex-
ceeding the intra-channel smearing time, and up to 98.3 ms. A DM-time plot (known as
a single-pulse plot, generated by single_pulse_search.py) was created for each scan and
inspected by eye for candidates. For each candidate identified, the dynamic spectrum was
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generated and inspected by eye to distinguish between astrophysical signals and terrestrial
sources of RFI. During our 3.47-h on-source time, we found four bursts from FRB 20180916B
at its known DM. As a final check, each dedispersed time series was filtered for RFI in the
search for candidates with peak signal-to-noise ratio S/N > 7, using an automated classifier
(Michilli et al., 2018a; Michilli & Hessels, 2018) that returned only the same four bursts
found in the initial manual search.
Using the time of arrival of each individual burst, one-second duration Effelsberg auto-
correlations were created for each burst, using the recorded EVN raw-voltage data. The
auto-correlation data were generated with a higher temporal resolution (16-µs time bins)
and frequency resolution (62.5-kHz channels) compared with the PSRIX data, and were
coherently dedispersed to 350 pc cm−3. Coherent dedispersion mitigates the effects of intra-
channel smearing to less than 3 µs for DMs that are within a few units of 350 pc cm−3. This
provided us with the opportunity to better study the burst structure (limited only by our
temporal resolution and the signal-to-noise), which is unresolved in the PSRIX data.
We identified the four bursts from FRB 20180916B in the auto-correlations (Figure 6.1 shows
their band-averaged burst profiles and dynamic spectra). For comparison, we also show the
profiles and dynamic spectra for the bursts in the PSRIX data (Figure 6.2).

6.2.5 Burst properties.

Using the brightest burst, labelled B4, we determined a precise DM for FRB 20180916B. We
used the PSRCHIVE (Hotan et al., 2004) tool pdmp to determine the DM that corresponds to
a peak in the signal-to-noise. Because B4 has a bright and narrow sub-burst, optimising the
signal-to-noise is likely also equivalent to optimising the structure of the burst (Hessels et al.,
2019), in this case. We searched DMs of 350 ± 3 pc cm−3 in steps of 0.01 pc cm−3 using
pdmp, and found the optimal DM to be 348.76 ± 0.10 pc cm−3 (consistent with the DM of
349.2 ± 0.3 pc cm−3 determined for this source by CHIME/FRB (CHIME/FRB Collaboration
et al., 2019c)). The bursts shown in both Figure 6.1 and Figure 6.2 are dedispersed to this
DM value.
Table 6.2 lists the physical properties of the bursts using the Effelsberg auto-correlations,
dedispersed to 348.76 pc cm−3. Wemeasured the burst FWHMduration and peak time using
a Gaussian fit (Hessels et al., 2019). The brightest burst, B4, shows a complicated structure
(as can be seen in Figure 6.1). The width of each individual sub-burst in B4 was determined
using the same Gaussian fit as above. The total width of B4, however, was measured by
defining the beginning of the burst as the peak time of the first sub-burst minus Wsub1, and
the end of the burst as the peak time of the last sub-burst plus Wsub3.
To determine the fluence, we define a larger time window, determined by eye, than the
quoted FWHM durations, which encompasses all of the burst flux. First, we produce a time
series containing each burst by summing over all frequency channels. We define an off-pulse
region, and use this to normalise the time series. We then convert the signal in each time
bin to physical units by using the radiometer equation (Cordes & McLaughlin, 2003), and
sum over the burst duration to estimate the fluence. It should be noted that B1 and B3
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were downsampled by a factor of four for this analysis, resulting in a lower time resolution
than the other bursts. For the radiometer equation, we take typical values for the system
temperature Tsys ≈ 20 K and telescope gain G ≈ 1.54 K Jy−1 for Effelsberg. For the fluence
values quoted in Table 6.2, we provide a conservative fractional error of 30%. Also shown
in Table 6.2 are the burst spectral energy densities (Law et al., 2017), using the derived
burst fluences and luminosity distance to FRB 20180916B. All four bursts are significantly
dimmer compared to those previously detected (CHIME/FRB Collaboration et al., 2019c)
with CHIME/FRB, which is unsurprising given the higher sensitivity of the 100-m Effelsberg
telescope.
Table 6.1 shows the detection properties of the bursts, as seen in both the PSRIX data and
the Effelsberg auto-correlations. For the PSRIX data, we quote the maximum S/N detected
using PRESTO’s single_pulse_search.pywith an associated DM. The burst S/N for the auto-
correlations is that measured at DM = 348.76 pc cm−3, again using single_pulse_search.py.
The burst width in Table 6.1 is the boxcar width used in single_pulse_search.py resulting in
the peak S/N value. The S/N of the four bursts, as discovered in the PSRIX data, are shown
in Figure 6.9 as a function of time during our observation. The first three bursts appear
clustered in time, occurring within 1.5 h from the beginning of our observation.
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Figure 6.9: Burst brightness and arrival times. Burst S/N as a function of time during our 2019 June 19 observation
of FRB 20180916B. The grey bars represent scans of the FRB 20180916B field. The red stars represent the four bursts
(from left to right: B1, B2, B3, B4). The black dashed line indicates the detection threshold of our search in the pulsar-
backend data (S/N = 7).

To study frequency-dependent brightness variations in the dominant sub-burst of B4 —
which are expected if there is scintillation — we conducted a standard auto-correlation
analysis (Cordes et al., 1985). We generated the spectrum of the burst within the FWHM du-
ration (Wsub2 = 0.06 ms) using Effelsberg auto-correlations with a frequency resolution of
15.6 kHz. Spectral channels containing significant RFI, along with those at the edges of the
16-MHz subbands, were set to zero in the spectrum before generating the auto-correlation
function (ACF).
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We calculated the ACF using the following expression:

ACF(∆ν) =

∑
i

(S(νi) − S̄)(S(νi + ∆ν) − S̄)√∑
i

(S(νi) − S̄)2
√∑

i

(S(νi + ∆ν) − S̄)2
, (6.1)

where ν is the frequency, ∆ν is the frequency lag, and S̄ is the mean of the spectrum. In this
expression each summation is over the indices i which give non-zero values for both S(νi)
and S(νi + ∆ν) (i.e. we only include the “good” data in the auto-correlation analysis). The
ACF calculated using Equation 6.1 is shown in Figure 6.10.
The central part of the ACF (for lags in the range −1.016 to +1.016 MHz) after removing
the zero lag was then fitted with a Lorentzian function (Rickett, 1990) of the form:

a

x
2 + ∆νd

2 + b, (6.2)

using a least squares fit, for free parameters a, the amplitude; ∆νd, the decorrelation band-
width (also known as the scintillation bandwidth: defined (Cordes et al., 1985) as the half-
width at half maximum of the ACF); and offset b. Figure 6.10 shows the fit to the ACF. The
Lorentzian fit, with 127 degrees of freedom, returned a χ

2 of 105.2. We assume that the
ACF between 3 and 20 MHz lags contain no structure and represents the noise in the cen-
tral profile of the ACF. We measure the standard deviation in this region and use this as our
uncertainty for the calculation of χ

2. The p-value of the fit is 0.92.
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Figure 6.10: Auto-correlation function and scintillation bandwidth of brightest burst, B4. a: The auto-correlation
function (ACF) of the spectrum of the bright, narrow burst component of burst B4. b: The ACF for lags between −1.016
and 1.016 MHz. The zero-lag noise spike has been removed from the ACF. A Lorentzian fit is shown in green in panel
(b). The black vertical dashed line represents the scintillation bandwidth, defined as the half-width at half-maximum
of the Lorentzian fit.
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We measure the scintillation bandwidth to be 59 ± 13 kHz. This estimate is consistent with
the NE2001 model (Cordes & Lazio, 2002) prediction of ∼ 60 kHz along the line-of-sight at
our observing frequency of 1.7 GHz. Using the simple relationship

2πτ∆νd ∼ 1, (6.3)

we estimate a scattering timescale, τ , of ∼ 2.7 µs, which we find is also similar to the NE2001
model prediction of ∼ 2 µs along the line-of-sight (Cordes & Lazio, 2002). This constraint on
the scattering time is much tighter compared to CHIME/FRB measurements (CHIME/FRB
Collaboration et al., 2019c) of FRB 20180916B bursts, even after accounting for the different
observing frequencies and the typical ν

−4 scaling of scattering time. CHIME/FRB nominally
measured scattering times of approximately 2 ms for two FRB 20180916B bursts, but these
measurements are likely a reflection of burst morphology as opposed to genuine scattering
effects (as was previously considered; CHIME/FRB Collaboration et al. 2019c).

6.2.6 High-time-resolution correlation and burst imaging.

Coherently dedispersed visibilities for each burst were created by re-correlating the EVN
data for only the time ranges corresponding to the burst durations. The exact time ranges
were initially determined from the Effelsberg PSRIX data and then refined using coherently
dedispersed Effelsberg auto-correlations. From the resulting auto-correlations we created
pulse profiles and used these to set the optimal correlator gates applied to the interferometric
data.
The a priori position of FRB 20180916B provided at the time of the EVN observation had
an uncertainty of ∼ 3 arcmin (see above), making it infeasible to localise the bursts by
directly imaging this region at milli-arcsecond resolution (which would require an image
with ∼ 1011 pixels). However, for strong signals, it is possible to estimate the position of the
source from the geometric delays across the different telescope baselines. The differential
geometric phase delay, ∆ϕg, of the source with respect to the phase centre (a priori pointing
position) for a given baseline is given by (Fomalont & Perley, 1999; Thompson, 1999):

∆ϕg = 2πν(u ∆α cos δ + v∆δ) (6.4)

where ν is the observed frequency, (∆α, ∆δ) is the positional offset of the source with respect
to the phase centre in right ascension (α) and declination (δ), respectively, and (u, v) are
the coordinate offsets for the given baseline.
We used the strongest burst, B4, to estimate the offset of the source with respect to
the phase centre. We then re-correlated the data at this refined J2000 position of α =
01h58m00.5s

, δ = 65◦43′01.0′′ (with an estimated uncertainty of a few arcseconds), which
was ∼ 2 arcmin from the a priori position — and thus consistent within the estimated un-
certainties. We applied the previously described EVN calibration to these burst data and
imaged the individual bursts. All bursts were detected above a 7-σ confidence level. Differ-
ent imaging schemes were used during the imaging process in order to emphasise resolution
(i.e. contribution from the longest baselines) or sensitivity (i.e. contribution from the core of
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the array). The final images were produced by using a natural weighting and excluding data
from the Tianma station which, despite providing the highest resolution, exhibited potential
calibration issues that could affect the absolute burst positions by a few milli-arcseconds —
especially for such short integration times, where the uv coverage is poor. Table 6.2 lists the
burst properties obtained from the EVN images, which are shown in Figure 6.3. An image
of the combined burst data was also produced. This final image is dominated by the emis-
sion of the strongest burst, B4, and thus we only consider the results from the four bursts
individually.
The flux densities and positions were measured using Difmap and the Common Astronomy
Software Applications (CASA) software packages by fitting a circular Gaussian distribution
component to the detected emission in the uv plane, which is expected to be a robust method
against station gain calibration uncertainties (Natarajan et al., 2017). The position of each
burst was measured independently and then we determined a weighted average J2000 po-
sition for the source of α = 01h58m00.7502s ± 2.3 mas, δ = 65◦43′00.3152′′ ± 2.3 mas,
where we used the fluence of each burst as weights. This is within 1.7 arcsec of the posi-
tion determined via mapping the geometric delays. The final positional uncertainty reflects
the statistical uncertainties from the individual position measurements (∼ 1 mas), the un-
certainties in the absolute ICRF position of the phase calibrator (J0207+6246; 0.15 mas)
and check source (J0140+6346; 0.1 mas), and the systematic uncertainty associated with
the phase-referencing technique and the extended structure of the check source and phase
calibrator (∼2 mas), as explained previously. Uncertainties were added in quadrature.
Finally, we searched for continuum radio counterparts of FRB 20180916B by imaging the
full interferometric data set with a field-of-view of 2×2 arcsec2 centred at the position of the
bursts (and thus also covering the full extent of the nearby star-forming region). We detected
no emission at the position of FRB 20180916B as well as no significant (< 4.5σ) compact
emission anywhere in the field above the r.m.s. noise level of 10 µJy beam−1 (19 µJy beam−1

when excluding the data from the Tianma station). We also searched for possible emis-
sion from the core of the galaxy, but found no signal above the 6-σ r.m.s. noise level in
a 4×4 arcsec2 area.

6.2.7 VLA observations.

In June 2019, we used the Karl G. Jansky Very Large Array (VLA) to perform a quasi-
simultaneous search for millisecond transients and faint persistent emission associated with
FRB 20180916B. The VLA observed from 1–2 GHz with baseline lengths up to 11 km, giving
a synthesised beam size of roughly 4 arcsec. VLA visibilities were sampled at 5-ms time res-
olution and searched in real time by the Realfast system (Law et al., 2018a); the same data
were integrated at 3-s time resolution and calibrated with the standard CASA calibration
pipeline. In a total of 14 h of observing (with on-target efficiency of 80%), we found no mil-
lisecond transients to an 8-σ limit of approximately 50 mJy beam−1 in 5 ms or, equivalently,
a fluence limit of 0.25 Jy ms. No VLA observing was coincident with known burst times
detected by the EVN. We concatenated all 14 h of data, applied an iteration of phase self-
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calibration using relatively bright background sources in the field of view of the antennas,
and imaged 600 MHz of the bandwidth centred near 1.6 GHz to search for persistent radio
emission on arcsecond scales. We confirmed that the astrometric accuracy of the deep image
is good to better than 1 arcsec by associating seven bright field radio sources to the cata-
logued location in the NRAOVLA Sky Survey (NVSS; Condon et al. 1998). No persistent emis-
sion is detected at the position of FRB 20180916B brighter than a 3-σ limit of 18 µJy beam−1.
A 25-µJy source is located at a nearby J2000 position of α = 01h58m00.9s

, δ = 65◦43′07′′

(see Figure 6.4), but this position is offset by approximately 7 arcsec from the location of
FRB 20180916B, which is much more than the astrometric precision, estimated to be 0.4 arc-
sec (the VLA observed in its B configuration at the time). It is thus very unlikely to be asso-
ciated with FRB 20180916B or the host galaxy.

6.2.8 Optical observations and host galaxy.

The EVN localisation of FRB 20180916B places it at the outskirts of
SDSS J015800.28+654253.0, an apparent Sb spiral galaxy (possibly with a faint bar)
with an estimated (Alam et al., 2015) photometric redshift zphot = 0.07 ± 0.05.
We obtained imaging and spectroscopic observations of the host galaxy using the GMOS spec-
trograph on the Gemini-North telescope between July and September 2019 (Program ID
GN-2019A-DD-110). We acquired 2×900-s exposures with each of the g

′ and r
′ filters. The

images were processed with the gemini IRAF/pyraf package, and sources were extracted
using Source Extractor (Bertin & Arnouts, 1996). The images were de-warped and astro-
metrically corrected by matching the point source positions to those from the Gaia Data
Release 2 (DR2) Catalogue (Gaia Collaboration et al., 2016, 2018). The matching precision
was 17–20 mas r.m.s. for each image. The seeing was measured to be 0.99 and 0.78 arcsec
in the g

′ and r
′ images, respectively.

Figure 6.5 shows the r
′ image of the galaxy, along with the position of FRB 20180916B.

The galaxy is nearly face-on, with spiral arm structures visible. FRB 20180916B appears co-
located with one of the outer arms of the galaxy, near a bright clump in the r

′ image (see
Figure 6.8 for a more detailed zoom on this region). We attribute this emission to that of Hα,
which is bright in emission in the GMOS spectra and, at the redshift of the host galaxy, falls
within the r

′ image. The total stellar mass of the galaxy has been estimated to be ∼ 1010

times the mass of the Sun by using the WISEW1 andW2 colours (Jarrett et al., 2017), which
provide a more robust estimation given that they are less affected by extinction.
We performed long-slit optical spectroscopy, simultaneously targeting the galaxy core and
the FRB location, in order to measure the redshift and spectral properties of the galaxy and
the location of FRB 20180916B. We acquired 4×900-s spectroscopic observations with a
1.5 arcsec slit and the R400 grating — along with corresponding flat fields, copper-argon
arcs, and observations of BD+284211 to correct for sensitivity and extinction. As shown in
Figure 6.8, the slit was rotated to align with the host galaxy centre and FRB position.
The spectroscopic data were processed with the Gemini IRAF/pyraf package. The FWHM
of the emission lines from the sky was measured to be 7–8 Å, matching the theoretical
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Table 6.3: Properties of the spectral emission lines. Properties of the most relevant spectral lines observed at the
location of the core of the galaxy and at the position of FRB 20180916B. Note that the fluxes are not corrected for
extinction. Numbers in parentheses indicate 1-σ uncertainties in the least significant digits.

Line ID Galaxy Core FRB Location
Centroid Width Flux Centroid Width Flux

(Å) (Å) (10−16 erg cm−2 s−1) (Å) (Å) (10−16 erg cm−2 s−1)
OIII 4958.93 Å 5122.7 5.5 0.38(4) – – –
OIII 5006.86 Å† 5155.6 5.6 4.76(4) – – –
NII 6548.05 Å 6767.9 5.5 0.31(4) – – –
Hα 6562.8 Å 6784.8 10.9 6.57(4) 6787.5 6.5 1.002(8)
NII 6583.45 Å 6806.9 10.3 2.51(4) 6809.0 5.1 0.233(8)
SII 6716.44 Å 6943.7 7.4∗ 0.77(4) 6946.2 6.4†† 0.243(5)
SII 6730.81 Å 6953.8 7.4∗ 0.58(4) 6961.8 6.4†† 0.123(5)

Notes: †: The OIII 5006.86 Å line is detected at the FRB location but is corrupted by a
cosmic-ray hit. ∗,††: A single value of line width was fit for both lines.

resolving power of R ≈ 640. The wavelength calibration with copper-argon emission lines
had a precision of 0.7–0.8 Å. However, the lack of arc lines towards the bluer edge reduces
the accuracy of the wavelength solution towards 5200 Å.
We extracted the spectrum within 5 arcsec of the galaxy centre as well as 2 arcsec around
the location of FRB 20180916B itself. We used the trace of the galaxy centre, offset by
7.7 arcsec to trace the location of FRB 20180916B. Figure 6.5 shows the calibrated spectra
at each location separately. We identify redshifted Hα, NII, SII and OIII lines with an average
redshift of z = 0.033±0.001 if all lines are included and z = 0.0337±0.0002when excluding
the OIII lines that are at the blue edge of the CCD (and hence may have reduced wavelength
calibration accuracy). Table 6.3 shows the line centroids, widths and fluxes. The spectrum
at the location of FRB 20180916B is dominated by emission lines with little continuum
emission. The OIII 5007Å line is detected at the FRB location but was corrupted by a cosmic-
ray hit. As the slit was positioned at the edge of the nearby star-forming clump, we observe
a non-uniform slit illumination pattern and the line centroids, especially for Hα, are shifted
towards the redder wavelengths by ∼ 1 Å. Nevertheless, we can confirm that both the clump
and the galaxy are at the same distance.
The obtained flux for the Hαemission at the position of FRB 20180916B (which is dominated
by the star-forming clump) implies a luminosity of LHα ∼ (2.0 ± 0.1) × 1039 erg s−1, which
corresponds to a star formation rate (Kennicutt et al., 1994) of ≈ 0.016 M⊙ yr−1. These
values were extracted from a region of 1.5 × 2 arcsec2 around the FRB, corresponding to
1.5 kpc2, implying a star-formation surface density of ≈ 10−2 M⊙ yr−1 kpc−2. Note that
these values can be significantly affected by extinction, which is estimated to be E(B−V ) ≈
1.01.
From the Hα, NII, and SII line fluxes, we estimate the metallicity of the galaxy (Dopita
et al., 2016) as 12 + log(O/H) = 8.82, close to solar neighborhood metallicity, and five
times higher when compared to the host of FRB 121102 (< 8.1 on the same metallicity
scale; Tendulkar et al. 2017).
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6.2.9 Chance alignment probability with host galaxy.

The projected position of FRB 20180916B is coincident with a star-forming clump in the
spiral galaxy SDSS J015800.28+654253.0. To confirm an association with the galaxy we
have estimated the probability of chance coincidence between the two sources.
We have considered a uniform density of galaxies across the sky. Assuming a Poisson dis-
tribution of galaxies in the relevant co-moving volume, we estimate the number density of
typical galaxies brighter than MB = −16 (i.e., galaxies with masses greater than ∼ 40%
of the dwarf galaxy host (Tendulkar et al., 2017) of FRB 121102) based on the all-galaxy
luminosity function (Faber et al., 2007; Blanton et al., 2003), and their typical size distribu-
tion based on the galaxies reported in SDSS DR7 (Zhang & Yang, 2019). Then, we calculate
the chance coincidence probability for a source to be co-located within twice the median
half-light radius of any galaxy as a function of redshift.
At the measured redshift of z ∼ 0.0337, the chance coincidence probability P << 0.1%.
However, we may consider the probability up to a redshift of ∼ 0.11, the maximum red-
shift considered for FRB 20180916B based on the observed DM (CHIME/FRB Collabora-
tion et al., 2019c). Even in this case P ≲ 1% (see Figure 6.11). The association between
FRB 20180916B and the galaxy is thus statistically robust.
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Figure 6.11: Redshift-cumulated probability of chance alignment coincidence. Probability of a chance alignment
between FRB 20180916B and twice the median half-light radius of any galaxy with magnitude MB ≤ −16 (orange
region) or with a dwarf galaxy like the host of FRB 121102 (blue region) as a function of redshift. The horizontal grey
line represents the 1% probability threshold. At the redshift of the host galaxy, z = 0.0337 (vertical dashed red line),
the chance coincidence probability is P << 0.1%, and at the maximum possible redshift of ∼ 0.11 derived from the
observed DM the probability is ≲ 1% (vertical dashed black line).

6.2.10 Dispersion measure budget

FRB 20180916B is close to the Galactic plane, with longitude l = 129.7◦ and latitude
b = 3.7◦. The total measured DM of FRB 20180916B is DMTot = 348.76 pc cm−3, and
is expected to be the sum of contributions from the Milky Way disk (DMMW) and halo
(DMHalo), the intergalactic medium (DMIGM), and host galaxy (DMHost; including both
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the ISM and halo of the host). For the line-of-sight to FRB 20180916B, DMMW is predicted
to be 199 pc cm−3 and 325 pc cm−3 by the NE2001 and YMW16 Galactic electron density
models, respectively (Cordes & Lazio, 2002; Yao et al., 2017). DMHalo is estimated to be
50–80 pc cm−3 or approximately 45 pc cm−3 according to two available models (Prochaska
& Zheng, 2019; Yamasaki & Totani, 2020). Given the range of model predictions, one can
ascribe up to roughly 100 pc cm−3 to DMIGM and DMHost. For redshift z = 0.0337, DMIGM

is expected to be (Inoue, 2004) approximately 34 pc cm−3 — though this estimate is highly
line-of-sight dependent for low redshift (Li et al., 2019). Overall, after subtracting these
various contributions, DMHost is likely less than 70 pc cm−3, and could be much smaller.
The YMW16 model over-predicts DMMW in this direction (unless the DMHalo, DMIGM and
DMHost contributions are all much smaller than expected), and this illustrates that FRB DMs
will help constrain Galactic electron density models. Conversely, because the line-of-sight to
FRB 20180916B passes through the Galactic plane, with a large but uncertain Galactic DM
contribution, it is unlikely to be a good probe for refining the DM-z relationship in the IGM
(Inoue, 2004).

6.2.11 FRB 20180916B compared with the other localised repeating fast radio
burst source, FRB 121102.

The physical origin of the FRB phenomenon remains unclear, and many of the proposed
models (Platts et al., 2019) remain consistent with the observational facts we present here
for FRB 20180916B. We now briefly consider the nature of FRB 20180916B by comparing
to two of the families of models proposed for FRB 121102, which is the FRB source studied
in most detail to date, and the only other well-localised repeater.
One of the models to explain the associated persistent radio counterpart to FRB 121102 pro-
poses the existence of a 20–50 year-old supernova remnant and nebula powered by a young
flaring magnetar (Lyubarsky, 2014; Beloborodov, 2017; Margalit & Metzger, 2018; Metzger
et al., 2019). The absence of a similarly bright radio nebula associated with FRB 20180916B
could be explained, in this model, as an older system whose emission has already faded. As-
suming a similar model (Margalit & Metzger, 2018), the upper limits on persistent radio
emission associated with FRB 20180916B are consistent with a system that is at least about
five times older than FRB 121102, and thus≳ 200−500 yr old. Additionally, the samemodel
also predicts a characteristic decay of the RM with time. An RM as large as the one observed
towards FRB 121102 (Michilli et al., 2018b) would drop to the RM observed (CHIME/FRB
Collaboration et al., 2019c) towards FRB 20180916B at a source age of ∼ 300 yr. How-
ever, while the results we present here are conceivably consistent with the young magnetar
scenario for repeating FRBs, we find no new support for this scenario.
Other models, inspired originally by FRB 121102, invoke interaction between a nearby
strong plasma stream and a neutron’s magnetosphere (Zhang, 2017). In the case of
FRB 121102, the large (Michilli et al., 2018b) RM and the observational similarity (Marcote
et al., 2017) of its compact, persistent radio source to low-luminosity active galactic nuclei
(LLAGN) suggest that the bursts could originate from a massive black hole, or a neutron star
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in the near vicinity. An accreting massive black hole can provide a plasma stream that could
interact with a neutron star magnetosphere (Zhang, 2018b). The absence of a persistent
radio counterpart to FRB 20180916B, and its location in the spiral arm of a morphologically
well-defined galaxy, make such a model arguably less likely in the case of FRB 20180916B.
For a black hole with a similar mass to that of the one considered for FRB 121102 (105–6 M⊙),
our upper limits would imply a very low accretion rate of ∼ 10−7

LEdd. Nonetheless, this
accretion rate is still compatible with the low end observed in LLAGN (Loewenstein et al.,
2001). The presence of a massive black hole at the apex of the star-forming clump is thus
not excluded, although rather unlikely. Nonetheless, in an interacting model (Zhang, 2017),
the plasma stream can also have a different origin, and it is conceivable that FRB 20180916B
is a neutron star interacting with, e.g., the jet of a stellar-mass black hole.
The proximity of FRB 20180916B will aid in performing deep multi-wavelength observa-
tions, which may help to discriminate between the various scenarios outlined above, while
potentially also suggesting new ones.
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Abstract

Ofek (2017) identified FIRST J141918.9+394036 (hereafter FIRST J1419+3940) as a ra-
dio source sharing similar properties and host galaxy type to the compact, persistent ra-
dio source associated with the first known repeating fast radio burst, FRB 121102. Law
et al. (2018b) showed that FIRST J1419+3940 is a transient source decaying in bright-
ness over the last few decades. One possible interpretation is that FIRST J1419+3940 is
a nearby analogue to FRB 121102 and that the radio emission represents a young magne-
tar nebula (as several scenarios assume for FRB 121102). Another interpretation is that
FIRST J1419+3940 is the afterglow of an ‘orphan’ long gamma-ray burst (GRB). The envi-
ronment is similar to where most such events are produced. To distinguish between these hy-
potheses, we conducted radio observations using the European VLBI Network at 1.6GHz to
spatially resolve the emission and to search for millisecond-duration radio bursts. We detect
FIRST J1419+3940 as a compact radio source with a flux density of 620 ± 20µJy (on 2018
September 18) and a source size of 3.9±0.7 mas (i.e. 1.6±0.3 pc given the angular diameter
distance of 83 Mpc). These results confirm that the radio emission is non-thermal and imply
an average expansion velocity of (0.10 ± 0.02)c. Contemporaneous high-time-resolution ob-
servations using the 100-m Effelsberg telescope detected no millisecond-duration bursts of
astrophysical origin. The source properties and lack of short-duration bursts are consistent
with a GRB jet expansion, whereas they disfavor a magnetar birth nebula.
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7.1 Introduction

Very-long-baseline radio interferometric (VLBI) observations are a powerful way to study
astrophysical transients because they provide milliarcsecond angular resolution imaging
and astrometry. Such transient events are produced by blast waves and slowly-evolving
synchrotron afterglows, whose temporal evolution and interaction with the surrounding
medium are well characterized by VLBI observations that can measure the projected size
and proper motion of such emission.
For example, this technique was successfully used to spatially resolve the emission and mea-
sure the expansion speed of the afterglow associated with the long gamma-ray burst (GRB)
030329 (Pihlström et al., 2007). VLBI observations have also been used to study the first
detected binary neutron star merger, GRB 170817A (Abbott et al., 2017). The obtained
measurement of the proper motion and physical size constrained the nature of the source to
be a relativistic jet (Mooley et al., 2018; Ghirlanda et al., 2019). Furthermore, VLBI obser-
vations contributed to the first precise localization of a fast radio burst (FRB), the repeating
source FRB 121102 (Spitler et al., 2014, 2016; Scholz et al., 2016). The burst source was
associated with a compact (< 0.7 pc; Marcote et al. 2017), persistent radio source with a
luminosity of νLν ≈ 3 × 1038 erg s−1 at 1.7 GHz (Chatterjee et al., 2017), located inside a
low-metallicity star-forming region in a dwarf galaxy at a redshift of 0.19273(8) (Tendulkar
et al., 2017; Bassa et al., 2017). The environment of FRB 121102 is remarkably similar to
the ones where long GRBs (as well as superluminous supernovae) typically occur (Modjaz
et al., 2008; Metzger et al., 2017), favoring several scenarios that consider repeating FRBs
to be produced by newly-born magnetars created in such events (see e.g. Margalit & Met-
zger, 2018; Piro & Gaensler, 2018). FRBs could thus be detectable at the sites of long GRBs,
and the persistent source associated with FRB 121102 could be the longer-lived nebula fol-
lowing the afterglow of one of these events. In any case, FRBs are expected to be produced
in relatively young objects (∼ 10–100 yr) with possibly associated radio nebulae (Murase
et al., 2016; Kashiyama & Murase, 2017; Omand et al., 2018).
Based on the properties of FRB 121102’s persistent radio source and host galaxy, Ofek
(2017) identified a number of similar sources in the Very Large Array (VLA) FIRST cat-
alogue. Law et al. (2018b) showed that one of these sources, FIRST J141918.9+394036
(hereafter FIRST J1419+3940) is a slowly declining transient. Using archival observations,
they showed that the source declined from ∼ 26 mJy (at 1.4 GHz) in 1993 to ≲ 0.4 mJy (at
3 GHz) in 2017. Both the light-curve and the inferred luminosities of νLν ≳ 3×1038 erg s−1

are consistent with the afterglow of a long GRB, requiring a released kinetic energy of
∼ 1051 erg at the time of the explosion (estimated to be ∼ 25–30 yr ago). No convincing
association with a previously detected GRB could be made, however (Law et al., 2018b).
FIRST J1419+3940 is associated with a small star-forming galaxy at redshift of z ≈ 0.01957.
Both sources, FIRST J1419+3940 and FRB 121102, show similar environments: both show
compact and persistent radio emission with luminosities of ∼ 1038 erg s−1 located inside star-
forming regions with equivalent star formation rates in similar sized dwarf galaxies. Their
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physical nature could thus also be similar, and FIRST J1419+3940 might be associated with
a source capable of producing FRBs.
Here we present European VLBI Network (EVN) radio observations of FIRST J1419+3940
that provide the first constraints on the source compactness, coupled with simultaneous
searches for millisecond-duration bursts. We present the observations and data reduction in
Section 7.2. We describe the results in Section 7.3, and their implications for the nature of
FIRST J1419+3940 in Section 7.4. Finally, we present our conclusions in Section 7.5.

7.2 Observations and data reduction

We observed FIRST J1419+3940 on 2018 September 18 between 12:00 and 19:00 UTC
at 18 cm (1.6 GHz) with the EVN, involving a total of 12 stations: Jodrell Bank Mark2,
Westerbork single-dish, Effelsberg, Medicina, Onsala 25-m, Tianma, Toruń, Hartebeesthoek,
Sardinia, and three stations from e-MERLIN (Cambridge, Defford, and Knockin). The data
were recorded with a total bandwidth of 128 MHz, and correlated in real time (e-EVN op-
erational mode) at JIVE (The Netherlands) using the SFXC software correlator (Keimpema
et al., 2015). The data were divided into eight subbands of 64 channels each, with full cir-
cular polarization products, and 1-s time averaging. We also buffered the baseband EVN
data in parallel so that high-time-resolution correlations could be produced afterwards, if a
millisecond-duration radio burst was detected.
Furthermore, we simultaneously observed FIRST J1419+3940 in the frequency range 1580–
1736 MHz using the 100-m Effelsberg telescope and the PSRIX pulsar data recorder (Lazarus
et al., 2016). We recorded with two summed linear polarizations, achieving a gain of
1.5 K Jy−1 and a receiver temperature of 25 K. The total bandwidth of 156 MHz was di-
vided into 10 subbands — each one further divided into 64 channels and recorded with
32-bit time samples. The ultimate time and frequency resolution of the data were 40.96µs
and 0.2438 MHz, respectively. Before processing, the subbands were combined into a single
band and the data were converted to 4-bit samples to ensure compatibility with the PRESTO
pulsar analysis software suite (Ransom, 2001).

7.2.1 Interferometric data

We observed J1642+3948 as fringe finder and J1419+3821 (located at only 1.3◦ from
FIRST J1419+3940) as phase calibrator. We scheduled a phase-referencing cycle of 4.5 min
on the target and 1.5 min on the phase calibrator, achieving a total time of ∼ 4.5 h on
FIRST J1419+3940.
The interferometric data were reduced using AIPS1 (Greisen, 2003) and Difmap (Shepherd
et al., 1994) following standard procedures. A-priori amplitude calibration was performed
using the known gain curves and system temperature measurements recorded individually
on each station during the observation. We used nominal system equivalent flux density
1The Astronomical Image Processing System (AIPS) is a software package produced and maintained by the National
Radio Astronomy Observatory (NRAO).
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(SEFD) values for the following stations: Jodrell Bank Mark2, Tianma, and the e-MERLIN
stations. We manually flagged data affected by radio frequency interference (RFI) and then
we fringe-fitted and bandpass-calibrated the data using the fringe finder and the phase cal-
ibrator. We imaged and self-calibrated the phase calibrator in Difmap to improve the final
calibration of the data. The obtained solutions were then transferred to the target, which
was subsequently imaged.

Figure 7.1: The obtained visibility data (amplitudes and phases) for the phase calibrator source, J1419+3821, after
the original calibration (top) and in the alternate calibration where the gain calibration of the Tianma station was
calibrated using a source model from only the stations with a robust amplitude calibration (bottom). See Sect. 7.2
for details. Red dots represent data from the baselines including the Tianma station. Blue lines represent the source
model in each case.

We note that Tianma did not produce reliable system temperature values during the ex-
periment. Most of these measurements failed and the existing ones exhibited a much larger
scatter than usual. Therefore we used the nominal SEFD for amplitude calibration. This typi-
cally produces a satisfactory a-priori calibration that can be further improved during imaging
and self-calibration. Tianma, however, provides the longest East-West baselines in our array
with no equivalent baselines to compare with, and it also does not have short spacings to
establish a reliable station calibration. In this case imaging and parametrization of source
properties by model-fitting is complicated due to the fact that some source parameters may
correlate with the Tianma station gain (Natarajan et al., 2017).
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Figure 7.1 displays the visibility amplitudes and phases as a function of projected baseline
length in units of observing wavelength. The top panel shows the initial calibration, with
the Tianma data highlighted in red. The low amplitudes may be consistent with a source
that is very compact in general, but well resolved in the East-West direction. The bottom
panel shows the data after we apply an amplitude correction factor for Tianma, based on
a source model obtained by only using the stations with robust calibration. The required
scaling factor was about three, implying that the station could have been much less sensitive
than expected.
Due to the uncertainty with the Tianma calibration, we decided to take the following pro-
cedure to analyze the data. Instead of fitting an elliptical-Gaussian model brightness dis-
tribution to the uv-data in model fitting, we assumed a circular-Gaussian brightness dis-
tribution. This is expected to be less sensitive to uncertainties in station gain calibration
(Natarajan et al., 2017). In addition, we looked at the results derived from the following
cases: Tianma removed from the data set, Tianma present with nominal gain calibration,
and Tianma present but with its gain scaled to be in agreement with the most compact pos-
sible solution (as explained above). As we will see in Sect. 7.3, the fitted source sizes differ
somewhat, but in all cases they support the samemain conclusion: that our target is resolved
on milliarcsecond scales.

7.2.2 High-time resolution data

The high-time-resolution Effelsberg data were analyzed to search for individual millisecond
bursts or a periodic signal. First, using PRESTO’s rfifind, we identified specific time samples
and frequency channels contaminated by RFI. The regions highlighted by rfifind and the fre-
quency range 1610–1631 MHz, associated with RFI from the Iridium satellites, were masked
prior to conducting the analysis. We then dedispersed the 4-bit data using the PRESTO tool
prepsubband for 2500 trial dispersion measures (DMs) in the range 0–1210.8 pc cm−3. The
resulting dedispersed time series were then searched for single pulses above a 6-σ threshold
using PRESTO’s single_pulse_search.py, which applies a matched-filter technique using
boxcar functions of various widths, and in our search was sensitive to burst durations in the
range 40.96µs and 0.02 s. Dynamic spectra of the identified single-pulse candidates were
generated and inspected by eye to distinguish between astrophysical signals and RFI.
In addition, a Fourier-domain search was performed on each individual dedispersed time
series using PRESTO’s accelsearch, in order to search for periodic signals. Potential periodic
signals were sifted using ACCEL_sift.py, and the remaining candidates were inspected by
eye after folding using prepfold.
The RFImitigation process was unable to remove all instances of RFI in the data.We calculate
that of the ∼ 4.3-h Effelsberg on-source time, approximately 92.4% was examined for bursts
and periodic signals. Note the discrepancy between the Effelsberg on-source time (∼ 4.3 h)
and the EVN on-source time (∼ 4.5 h) which is due to Effelsberg’s longer slew time compared
with other antennas.
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Figure 7.2: Images of FIRST J1419+3940 at 1.6 GHz with the EVN on 2018 September 18 derived from the two gain
calibrations performed on Tianma data (original, top, and scaled, bottom). Contours start at a 3-σ rms noise level of
25 and 29 µJy beam−1, respectively, and increase by factors of

√
2. The synthesized beams are represented by the

dark gray ellipses at the bottom left corner of each image.

The aforementioned analysis strategy was verified using similar data targeting pulsar
PSR B2020+28. We performed a blind search and detected both individual pulses and the
known periodicity of this pulsar.

7.3 Results and discussion

7.3.1 On the persistent emission

FIRST J1419+3940 is detected on 2018 September 18 as a radio source that is compact on
milliarcsecond scales (see Fig. 7.2), with a flux density of 620 ± 20µJy at a position of:

α(J2000) = 14h19m18.850722s ± 0.23mas
δ(J2000) = 39◦40′36.04520′′ ± 0.23mas,
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Figure 7.3: Light-curve of FIRST J1419+3940 during the last 25 yr at 1.4–1.6 GHz (blue circles and open square)
and 3.0 GHz (orange circles). Errors bars represent 1-σ uncertainties (hidden by the size of the markers in most cases).
Arrows represent 3-σ upper-limits.

Table 7.1: Properties of FIRST J1419+3940 measured following different imaging approaches.
rms Peak brightness Flux Density size synthesized beam

(µJy beam−1) (µJy beam−1) (µJy) (mas) (mas × mas, ◦)
Default calibration 19 300 620 ± 20 4.3 ± 0.8 5.5 × 4.1, −18◦

Without Tianma 30 510 630 ± 30 3.9 ± 0.9 24 × 5.3, 75◦

Corrected Tianma 25 459 620 ± 30 3.4 ± 0.7 6.6 × 5.4, 78◦

where the quoted uncertainties represent the 1-σ confidence interval and take into account
the statistical uncertainties in the image (0.2 mas in both α and δ), the uncertainty in the
phase calibrator position (0.1 mas; Beasley et al., 2002; Gordon et al., 2016), and the esti-
mated uncertainties associated with the phase referencing technique (0.06 and 0.04 mas for
α and δ, respectively; Pradel et al., 2006). The obtained position is consistent with the one
reported from the FIRST survey (Law et al., 2018b), as well as the preliminary results pub-
lished in Marcote et al. (2018). The measured flux density on 2018 September 18 follows
the declining trend of the light-curve reported from observations with the Karl G. Jansky
Very Large Array, VLA (see Fig. 7.3). Given the luminosity distance of 87 Mpc, the obtained
flux density corresponds to an isotropic luminosity νLν = (9.4 ± 0.3) × 1036 erg s−1. To-
gether with the last published VLA observation at 3.0 GHz, and considering the same value
for our epoch (i.e. no declining trend is assumed), we can place a conservative 3-σ upper
limit on the spectral index between 1.6 and 3.0 GHz of α ≲ −0.65 (where Sν ∝ ν

α).
FIRST J1419+3940 is significantly resolved in the obtained images given the size of the syn-
thesized beam (5.5×4.1 mas2), as the measured size is larger than the minimum resolvable
size by the array (see Martí-Vidal et al., 2012; Natarajan et al., 2017, for a detailed explana-
tion). By fitting a circular Gaussian to the uv data we measure a source size of 4.3±0.8 mas,
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where the uncertainty has been estimated through a χ
2 test. However, we note that the

gain calibration of Tianma constitutes a potential source of systematic errors in the size
measurement. To provide a more reliable measurement, we produced images without this
station. Despite having poorer resolution (synthesized beam of 24 × 5.3 mas2), we obtained
a size that is significant and consistent within uncertainties with the value quoted above
(3.9 ± 0.9 mas). Finally, we imaged the source with the gain correction applied to Tianma
(as mentioned in the previous section), which provides the most stringent lower limit on the
source size (i.e. assuming a point-like source during calibration). In this case we measured a
source size of 3.4±0.7 mas. The contribution of the longest baselines is therefore not critical
as we obtain consistent results from all cases. We summarize the results of these different
analyses in Table 7.1.
For comparison, the phase calibrator, J1419+3821, exhibits a main compact component
with a measured size of 1.1–2.9 mas in all cases. The fact that the measured sizes are siginif-
icantly different – while they are seen along almost the same Galactic line of sight – means
that they are most likely intrinsic sizes, rather than due to scatter broadening. At the high
Galactic latitudes of ∼ 67◦ scatter broadening at GHz frequencies is almost negligible, and
one would not expect strong variations of scattering size on small angular scales either (see
e.g. Pushkarev & Kovalev, 2015).
We thus conclude that FIRST J1419+3940 is significantly resolved, with an angular size of
3.9+0.4

−0.5
+0.3
−0.2 mas, where the first uncertainties take into account the dispersion of the values

from the different analyses, and the second ones consider the estimated statistical uncer-
tainties on the value. Given that the angular diameter distance to the source is 83 Mpc (Law
et al., 2018b), we derive a projected physical size of 1.6 ± 0.3 pc. This size also implies a
brightness temperature of Tb ∼ 1.1 × 107 K, which clearly points to a non-thermal origin
for the emission.
Law et al. (2018b) estimated that the putative GRB producing the observed afterglow likely
took place around ∼ 25–30 yr ago. Considering an estimated central date for the explosion
of ∼ 1993 and taking into account the given uncertainties, the afterglow must have a mean
expansion velocity of v = (3.0 ± 0.6) × 104 km s−1, or (0.10 ± 0.02)c, consistent with a
mildly relativistic expansion. We note that the calculated expansion velocity is an average
over the whole lifetime, during which a significant deceleration has likely occurred.

7.3.2 On the single burst searches

We detected no astrophysical single pulses or periodic signals in the high-time-resolution
Effelsberg data. We can estimate the expected dispersion measure (DM) towards
FIRST J1419+3940 using Galactic electron density models (NE2001; Cordes & Lazio 2002,
YMW16; Yao et al. 2017). For an extragalactic source, the observed DM can be divided into
four components along the line of sight:

DMobs = DMMW + DMMWhalo
+ DMIGM + DMhost. (7.1)
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The Milky Way contribution to the DM along the line of sight is divided into the disk and
spiral arm component, DMMW, and the Galactic halo component, DMMWhalo

. The former,
DMMW, is 44 and 39 pc cm−3 calculated using the NE2001 and YMW16models, respectively.
The uncertainties in these contributions are not well quantified, but are likely on the order
of 20%. Using this, we can derive an approximate range of: 30 ≲ DMMW ≲ 50 pc cm−3. We
apply a Galactic halo contribution of ∼ 60–100 pc cm−3 to the DM (Prochaska & Zheng,
2019). Given that the redshift of FIRST J1419+3940 is 0.01957 (Law et al., 2018b),
the mean intergalactic medium (IGM) contribution to the DM is DMIGM ≃ 20 pc cm−3

(Ioka, 2003; Inoue, 2004). We assume that the DM contribution of the host galaxy of
FIRST J1419+3940, DMhost, is comparable to that of the host galaxy of FRB 121102:
55 ≲ DMhost ≲ 225 pc cm−3 (Tendulkar et al., 2017). Combining all individual compo-
nents using equation (7.1) results in the approximate range 160 ≲ DMobs ≲ 400 pc cm−3.
From the single pulse candidates reported using single_pulse_search.py, an astrophysical
burst would be identifiable provided the signal-to-noise ratio exceeds ∼ 10. We can estimate
the fluence limit of our search using

F = (S/N)min
Tsys

G

√
Wb

npol ∆ν
(7.2)

(following Cordes & McLaughlin, 2003), where (S/N)min is our detection threshold of 10,
Tsys is the system temperature, G is the telescope gain, npol is the number of recorded
polarizations, ∆ν is the total bandwidth, and Wb is the observed width of the burst. The
observed width, Wb, accounts for broadening of the intrinsic width due to the finite time
sampling of the data, intra-channel smearing, smearing due to DM-trial spacing, and scatter
broadening. FRB 121102 has been shown to exhibit individual bursts with widths ≲ 30µs
(Michilli et al., 2018b) and there have been observations of FRBs with widths as large as
∼ 30 ms (Petroff et al., 2016)2. Taking a DM of 300 pc cm−3 and intrinsic widths 30µs–
30 ms, we find our fluence limit ranges from 0.1 Jy ms to 8 Jy ms.

7.4 Interpretation

7.4.1 Measured source size

In order to compare our measurements with the scenarios proposed by Law et al. (2018b),
we need to compute the expected apparent size of the source. At the time of our observa-
tion, tobs ∼ 30 yr ∼ 104 d after the initial explosion, the external shock produced by the GRB
jet upon deceleration into the interstellar medium (ISM) is expected to be non-relativistic,
and to have become essentially spherical. Detailed, long term numerical relativistic hydro-
dynamics simulations (Zhang & MacFadyen, 2009) indeed show that the blast wave is well-
described by the spherical, non-relativistic Sedov-Von Neumann-Taylor solution after a time
5tNR ≈ 2 × 103

E
1/3
iso,53 n

−1/3
1 d, where tNR is the light-crossing time of the Sedov length as-

sociated to the jet. The initial relativistic expansion phase, however, can still have effects
on the relation between observed time and projected size. For that reason, we compute
2All published FRBs and their properties can be found in the FRB Catalogue: http://www.frbcat.org.
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the jet deceleration dynamics and spreading employing the “trumpet” model from Granot
& Piran (2012), which has been shown to be in good quantitative agreement with results
from numerical relativistic hydrodynamics simulations. The observed size is estimated as the
maximum projected size of the equal-arrival-time surface, relativistic beaming of radiation
being negligible in our late-time observations. Using the same jet parameters as Law et al.
(2018b), namely an isotropic equivalent energy Eiso = 2×1053 erg, an ISM number density
n = 10 cm−3 and a viewing angle θv = 0.6 rad, and further assuming a jet half-opening
angle θj = 0.1 rad (which implies a total jet energy Ejet ∼ 1051 erg), we obtain the size evo-
lution shown by the red solid line in Fig. 7.4, which is fully compatible with the measured
one, assuming that the GRB took place in ∼ 1993. This disfavors the alternative scenario of
a magnetar birth nebula, which would exhibit a significantly smaller size (≲ 0.1 pc), due to
the much lower expansion velocity (Murase et al., 2016).
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Figure 7.4: Apparent source size evolution. The red line shows the predicted apparent size evolution for a jet with
parameters as those proposed by Law et al. (2018b). The blue line and the lighter blue band show our measured
apparent size and its 1-σ uncertainty of θs = 3.9 ± 0.7 mas. The grey vertical line marks the source age at the time
of our observation, assuming that it originally exploded in 1993.

7.4.2 Flux density

While the measured size agrees well with the GRB scenario proposed by Law et al. (2018b),
our measured flux density S1.6 GHz = 620 ± 20µJy is low when compared to the extrapola-
tion of their model. More precisely, adopting the same assumptions as Law et al. (2018b),
namely quasi-isotropic, adiabatic expansion, Deep Newtonian regime and an electron power
law index p = 2.2, the flux density should follow Sν ∝ ν

−0.6
t
−0.96. Using the latest VLA de-

tection as reference, which yielded a flux density of 1.1 ± 0.1 mJy at 1.52 GHz on 2015
May 11, and assuming the GRB to have happened in 1993, we should have measured
S1.6 GHz ≈ 930 ± 85µJy at the time of our observation, which is ∼ 3.5σ (summing the un-
certainties in quadrature) above our measured flux density. As noted by Law et al. (2018b),
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the latest VLASS non-detection Sν < 400µJy at 3 GHz on 2017 October 11 already pointed
to a faster decline after 2015. Several physical processes could lead to a steepening in the
decay of the lightcurve, e.g.:

• The conditions in the shocked fluid could be changing as a consequence of the transi-
tion to the non-relativistic, Deep Newtonian phase, e.g. the fraction ϵe of shock energy
given to electrons could decrease, or the electron momentum distribution power law
index p could decrease from p = 2.2 towards ∼ 2 (Sironi & Giannios, 2013). Both
these effects would result in a steepening of the flux decay;

• Contrary to what is stated by Law et al. (2018b), the steepening could also be due
to the shock crossing a dip in the ISM density. According to the argument by Law
et al. (2018b), based on Nakar & Granot (2007) and Mimica & Giannios (2011), an
ISM density drop would result only in a smooth, slow change in the lightcurve. This is
essentially a consequence of the assumption that the shock is relativistic (Γ ≫ 1), in
which case the angular time scale R/2Γ2

c would be of the same order as the observer
time tobs, and therefore any change in the shock conditions would be smeared out over
that time scale. In our case, conversely, the shock expansion speed is non-relativistic,
and the angular time scale is ∼ R/2c<< tobs (using our size measurement, we have
R/c ∼ 2.5 yr, which is significantly smaller than the explosion age tobs ≳ 25 yr),
so that a drop in the ISM density at a radius slightly smaller than the observed size
∼ 1.6 pc may justify the flux deficit. Such a drop could mark the outer radius of the
star-forming region where the GRB exploded. Let us caution, though, that this requires
some fine-tuning. In order for the shock to entirely cross the outer edge of the star-
forming region in a short enough time, the latter should be approximately spherical
and nearly concentric to the shock. By using the same shock dynamics model as in
the previous section, we estimate the current shock expansion velocity to be vs ∼
0.03c ≈ 9 000 km s−1. The shock thus travelled a distance ∆R ∼ 0.03 pc between the
latest VLA detection at 1.5 GHz and our observation. The centers of the shock wave
and the star-forming region, assumed spherical, should therefore be located less than
∆R away from each other. Since the flux deficit we observe amounts to a factor ∼ 2/3
reduction with respect to the expected value, we can partially relax these requirements,
allowing the outer edge of the star-forming region to have some structure – e.g. bumps,
filaments, a non-spherical shape – as long as ∼ 1/3 (in terms of solid angle) of the
shock wave still experiences a sharp density drop in the required time. This leads
us to conclude that, while the arguments against an ambient medium density drop
proposed by Law et al. (2018b) do not hold in this case, this kind of explanation for
the flux variation, while not impossible, remains rather unlikely.

Finally, we note that the flux deficit cannot be understood as due to scintillation-induced
fluctuations, as the apparent size of the source is too large (Goodman, 1997).
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7.4.3 Comparison with FRB 121102

The association of FRB 121102 with a persistent radio counterpart (Chatterjee et al., 2017;
Marcote et al., 2017) led to the discovery of FIRST J1419+3940, the characteristics of which
match those of the persistent source coincident with FRB 121102 (Ofek, 2017; Law et al.,
2018b): i.e., a compact radio source with a similar luminosity and co-located with a star-
forming region of a dwarf galaxy. It is, therefore, natural to compare FIRST J1419+3940
with the radio counterpart of FRB 121102.
The declining light curve of FIRST J1419+3940 contrasts with the persistent emission
from FRB 121102 (Chatterjee et al., 2017; Plavin et al., 2022). Another discrepancy that
arises is that the obtained source size of FIRST J1419+3940 is significantly larger than
the one associated with FRB 121102 (< 0.7 pc; Marcote et al. 2017), implying a much
higher expansion velocity. These differences can, naturally, be explained by a younger age
of FIRST J1419+3940 (∼ 30 yr) when compared with FRB 121102 (∼ 100 yr; Metzger
et al. 2017; Piro & Gaensler 2018). We note that although we conclude our observations are
consistent with GRB jet expansion, we do not rule out the presence of a nebula driven by
a highly magnetized neutron star contributing to a fraction of the radio emission observed.
The presence of such nebula could cause the light curve to plateau at late-times.
It has been hypothesized that the birth of a millisecond magnetar can connect FRB 121102
with long GRBs or superluminous supernovae (SLSNe; Metzger et al., 2017). If we assume
that millisecond magnetars can produce FRBs similar to what is observed in FRB 121102,
and that a magnetized neutron star resides within the radio source FIRST J1419+3940,
we might expect FRBs from this source. The comparable ages of FIRST J1419+3940
and FRB 121102 leads to our assumption that the compact object residing within
FIRST J1419+3940 is emitting bursts with a comparable energy distribution and duty cycle
to FRB 121102.
Bursts from the repeating FRB 121102 have been observed with fluences of ∼ 0.02 Jy ms
(Gajjar et al., 2018) to ≳ 7 Jy ms (Marcote et al., 2017) and widths ranging from ≲ 30µs
(Michilli et al., 2018b) to ∼ 8.7 ms (Spitler et al., 2016). Taking this range of fluence val-
ues at the luminosity distance of FRB 121102 (972 Mpc) and scaling to the luminosity dis-
tance of FIRST J1419+3940 (87 Mpc), gives an estimated fluence range of 2.5–870 Jy ms.
For bursts with widths exceeding ∼ 9 ms, the fluence limit of our search increases beyond
2.5 Jy ms (see Section 7.3.2). Under the assumption that FIRST J1419+3940 is producing
bursts with widths comparable to that of FRB 121102 and with an alignment (with respect
to the observer) consistent with FRB 121102, single bursts from this source would be iden-
tifiable in the data.
The lack of short-duration bursts in our observation could imply that the source is in a quies-
cent state, similar to the behaviour observed in FRB 121102 (Scholz et al., 2016; Gajjar et al.,
2018). Alternatively, the hypothesized central compact object could be producing bursts
that do not cross our line-of-sight. To ensure our search was not affected by self-absorption,
future observations of FIRST J1419+3940 at higher radio frequencies are required.
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The potential connection of FRB 121102 with long GRBs or SLSNe has sparked targeted
searches for millisecond-duration bursts and compact persistent radio sources at the posi-
tions of such events. In one such a search, Eftekhari et al. (2019) discovered a persistent
radio source coincident with the SLSN PTF10hgi. An orphan GRB afterglow is explored
as the potential origin of the emission, but is considered unlikely due to the high inferred
isotropic jet energy, exceeding that of most observed long GRBs. Since the discovery of both
this radio source and FIRST J1419+3940 were motivated by observations of FRB 121102
and its environment, we compare the inferred isotropic jet energy for both sources. The
inferred properties of the radio source associated with PTF10hgi, assuming GRB jet expan-
sion, is estimated as Eiso ∼ (3–5) × 1053 erg, n = 10−3–102 cm−3 (Eftekhari et al., 2019).
Although this energy range is larger than the majority of observed long GRBs, it is compara-
ble to that of FIRST J1419+3940 (Eiso = 2×1053 erg, n = 10 cm−3; Law et al. 2018b). The
results shown in the work presented here support the scenario in which FIRST J1419+3940
is an orphan GRB afterglow. Whether this is the case for PTF10hgi as well is not clear at this
point, but we argue that the inferred high isotropic jet energy in itself does not exclude an
off-axis jet origin. The ultimate probe of this scenario is very high angular resolution VLBI
observations. Accurately measuring the source size at the redshift of PTF10hgi (about five
times more distant than FIRST J1419+3940) – and especially considering its low flux den-
sity of ∼ 50µJy – is very challenging, and may only be possible with a very sensitive future
SKA-VLBI array (Paragi et al., 2015) observing at high frequencies (≳ 5 GHz).

7.5 Conclusions

FIRST J1419+3940 was reported as a slowly fading radio transient source. We provide
the first constraints on the source size, using EVN data. These measurements confirm the
non-thermal emission of the source and are consistent with jet expansion from a putative
orphan long GRB. The derived average expansion velocity is consistent with a mildly rela-
tivistic expansion, noting that a significant deceleration has likely happened during these
∼ 30 yr after the event. A flux density lower than expected is reported, suggesting a faster
decline after 2015. This decay could be explained by a change in the post-shock microphysi-
cal parameters following the transition to the non-relativistic phase, or by a drop in the ISM
density (e.g. due to the shock reaching the outer edge of the star-forming region where the
GRB exploded). We exclude scintillation-induced fluctuations as the origin of the reported
variability.
Finally, although FIRST J1419+3940 was discovered in a search for persistent radio sources
similar to that associated with FRB 121102, we note significant differences between these
sources (e.g. FIRST J1419+3940 shows a significantly larger extend, and stronger luminos-
ity decay). Still, FIRST J1419+3940 could be a site of potential FRB production, although
the burst searches conducted during the EVN observation reported null results. Future ra-
dio observations are required to provide better constraints on the possible presence of FRBs
arising from this object, as well as to characterize the evolution of the light-curve and its
accelerated decay.
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Appendix: No Radio Bursts Detected from FIRST J1419+3940 in Green
Bank Telescope Observations

K. Nimmo, V. Gajjar, J. W. T. Hessels, C. J. Law, R. S. Lynch, A. D. Seymour, L. G. Spitler

Research Notes of the AAS, 2020, 4, 4, 50

Precise localisation of the first-known repeating fast radio burst source, FRB 121102 (Spitler
et al., 2016; Chatterjee et al., 2017), led to its association with a star-forming region in-
side a low-metallicity dwarf host galaxy (Tendulkar et al., 2017). This host environment is
similar to that typically associated with long gamma-ray bursts (GRB) and superluminous
supernovae, potentially linking these astrophysical phenomena (Metzger et al., 2017). In
addition, the bursting source is found to be spatially coincident with a compact (< 0.7 pc;
Marcote et al. 2017), persistent radio source (Chatterjee et al., 2017). Ofek (2017) identi-
fied similar radio sources in the Very Large Array FIRST survey (Becker et al., 1995). One
of these sources, FIRST J141918.9+394036 (hereafter FIRST J1419+3940), was identified
as a radio transient decaying in brightness by a factor of ∼ 50 over several decades (Law
et al., 2018b). Very-long-baseline radio interferometric observations support the theory that
FIRST J1419+3940 is the afterglow of a long GRB, based on the inferred physical size of
the emission region (1.6 ± 0.3 pc; Marcote et al. 2019).
FIRST J1419+3940 and FRB 121102’s persistent radio sources have similar properties and
host galaxy type. Although FIRST J1419+3940 is declining in brightness, its peak luminosity
(νLν > 3×1038 erg s−1 at 1.4GHz; Law et al. 2018b) is comparable to the mean luminosity
of FRB 121102’s persistent radio source (νLν ≈ 3 × 1038 erg s−1 at 1.7GHz; Chatterjee
et al. 2017). Possibly, their physical nature could be similar, and FIRST J1419+3940 could
contain a source capable of producing millisecond-duration radio bursts. Above ∼ 1.4 GHz,
FIRST J1419+3940 is observed to have an optically-thin synchrotron spectrum (Law et al.,
2018a). This, combined with the relatively close proximity of FIRST J1419+3940 (87 Mpc,
about an order-of-magnitude closer than FRB 121102; Law et al. 2018b, Tendulkar et al.
2017), indicates that it should be possible to detect much lower energy bursts than those
observed from FRB 121102, if FIRST J1419+3940 is producing FRBs. Marcote et al. (2019)
reported the non-detection of bursts from FIRST J1419+3940 during 4.3 h of observations
with the 100-m Effelsberg telescope at 1.7GHz. Here, we report the non-detection of bursts
from FIRST J1419+3940 using the 110-m Green Bank Telescope (GBT).
Table 7.2 summarises the observations. We observed FIRST J1419+3940 for a total duration
of 3.1 h using the GBT and the Breakthrough Listen backend (MacMahon et al., 2018) on
MJDs 58519 and 58529 — at both S-band (1.73–2.6GHz) and C-band (3.95–8.0GHz). The
time and frequency resolutions were 349.5 µs and 0.366 MHz, respectively. In addition to
the target scans, both noise diode and test pulsar (PSR B1508+55) scans were taken.
We searched for bursts using PRESTO3 (Ransom, 2001). We identified and masked radio fre-
quency interference (RFI) using PRESTO’s rfifind and dedispersed using prepdata to create
3https://github.com/scottransom/presto
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Table 7.2: Summary of observations and fluence upper limits.
Scan start time1 Frequency range Duration Tsys + Tbg

2 Gain Fluence limit3
(MJD) (GHz) (min) (K) (K/Jy) (Jy ms)

58519.4457 3.95–8.0 30.0 28 1.85 0.05
58519.4667 3.95–8.0 30.0 28 1.85 0.05
58519.5059 1.73–2.6 6.7 25 1.9 0.1
58529.1809 3.95–8.0 30.0 28 1.85 0.05
58529.2019 3.95–8.0 30.0 28 1.85 0.05
58529.2305 1.73–2.6 30.0 25 1.9 0.1
58529.2514 1.73–2.6 28.0 25 1.9 0.1

1Topocentric.
2System temperature (Tsys) are for typical GBT performance: http://www.gb.nrao.edu/~fghigo/gbtdoc/perform.html.
Background temperature (Tbg) is a combination of the sky temperature (negligible in this case, using the 408 MHz
all-sky map (Remazeilles et al., 2015) and extrapolating to our observing frequencies using a spectral index of −2.7;
Reich & Reich 1988) and the cosmic microwave background ∼ 3 K (Mather et al., 1994).

3Calculated following Cordes & McLaughlin (2003), assuming a 1-ms-wide burst with DM = 300 pc cm−3, using the
temperature and gain values listed, with a signal-to-noise detection threshold of 10.

timeseries with trial dispersion measures (DM) of 0 − 1000 pc cm−3. As is discussed in Mar-
cote et al. (2019), the expected DM towards FIRST J1419+3940 is < 170 pc cm−3, ignoring
any contribution from the host galaxy. If we assume the host contribution is comparable to
that of FRB 121102, then the expected DM is ∼ 400 pc cm−3. We then searched for single
pulses above a 6σ threshold in the dedispersed time series using single_pulse_search.py.
The single pulses due to RFI were filtered using an automated classifier (Michilli & Hessels,
2018). Our search was sensitive to bursts with widths between ∼ 0.5 ms and 34.95 ms. The
identified candidates were all deemed to be non-astrophysical after inspecting their dynamic
spectra by eye. This analysis strategy was verified by performing a blind search for the test
pulsar PSR B1508+55.
In this search, we were sensitive to 1-ms-wide bursts from FIRST J1419+3940 exceeding
the fluence limits shown in Table 7.2, assuming DM ∼ 300 pc cm−3. Considering the weak-
est bursts observed from FRB 121102 (0.02 Jy ms; Gajjar et al. 2018) and scaling to the
luminosity distance of FIRST J1419+3940 (87 Mpc; Law et al. 2018b), we find the cor-
responding fluence to be 2.5 Jy ms, well exceeding our detection threshold. We found no
astrophysical bursts in these observations. If we assume there is a source associated with
FIRST J1419+3940 that is producing FRBs, the lack of detection could indicate a quiescent
state, as is often observed for FRB 121102 (e.g. Gajjar et al., 2018). Alternatively, the bursts
could be beamed away from our line-of-sight. It is also possible that FIRST J1419+3940 does
not contain a source capable of producing FRBs. Future searches are important to constrain
the possible presence of an FRB-emitting source.

http://www.gb.nrao.edu/~fghigo/gbtdoc/perform.html


Bibliography

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017, Multi-messenger Observations of a Binary
Neutron Star Merger, ApJ, 848, L12

Ablimit, I. & Li, X.-D. 2015, Formation of Binary Millisecond Pulsars by Accretion-induced
Collapse of White Dwarfs under Wind-driven Evolution, ApJ, 800, 98

Agarwal, D., Aggarwal, K., Burke-Spolaor, S., Lorimer, D. R., & Garver-Daniels, N. 2020,
FETCH: A deep-learning based classifier for fast transient classification, MNRAS, 497, 1661

Alam, S., Albareti, F. D., Allende Prieto, C., et al. 2015, The Eleventh and Twelfth Data Releases
of the Sloan Digital Sky Survey: Final Data from SDSS-III, ApJS, 219, 12

Anna-Thomas, R., Connor, L., Burke-Spolaor, S., et al. 2022, A Highly Variable Magnetized
Environment in a Fast Radio Burst Source, arXiv e-prints, arXiv:2202.11112

Arzoumanian, Z., Nice, D. J., Taylor, J. H., & Thorsett, S. E. 1994, Timing Behavior of 96 Radio
Pulsars, ApJ, 422, 671

Astropy Collaboration, Robitaille, T. P., Tollerud, E. J., et al. 2013, Astropy: A community
Python package for astronomy, A&A, 558, A33

Backer, D. C. 1970, Pulsar Nulling Phenomena, Nature, 228, 42

Bannister, K. W., Deller, A. T., Phillips, C., et al. 2019, A single fast radio burst localized to a
massive galaxy at cosmological distance, Science, 365, 565

Bassa, C. G., Tendulkar, S. P., Adams, E. A. K., et al. 2017, FRB 121102 Is Coincident with a
Star-forming Region in Its Host Galaxy, ApJ, 843, L8

Beasley, A. J., Gordon, D., Peck, A. B., et al. 2002, The VLBA Calibrator Survey-VCS1, ApJS,
141, 13

Becker, R. H., White, R. L., & Helfand, D. J. 1995, The FIRST Survey: Faint Images of the Radio
Sky at Twenty Centimeters, ApJ, 450, 559

Beloborodov, A. M. 2017, A Flaring Magnetar in FRB 121102?, ApJ, 843, L26

Beniamini, P. & Kumar, P. 2020,What does FRB light-curve variability tell us about the emission
mechanism?, MNRAS, 498, 651



188 Bibliography

B

Beniamini, P., Wadiasingh, Z., & Metzger, B. D. 2020, Periodicity in recurrent fast radio bursts
and the origin of ultralong period magnetars, MNRAS, 496, 3390

Bera, A. & Chengalur, J. N. 2019, Super-giant pulses from the Crab pulsar: energy distribution
and occurrence rate, MNRAS, 490, L12

Bertin, E. & Arnouts, S. 1996, SExtractor: Software for source extraction., A&AS, 117, 393

Bhandari, S., Heintz, K. E., Aggarwal, K., et al. 2022, Characterizing the Fast Radio Burst Host
Galaxy Population and its Connection to Transients in the Local and Extragalactic Universe,
AJ, 163, 69

Bhandari, S., Keane, E. F., Barr, E. D., et al. 2018, The SUrvey for Pulsars and Extragalactic
Radio Bursts - II. New FRB discoveries and their follow-up, MNRAS, 475, 1427

Bhandari, S., Sadler, E. M., Prochaska, J. X., et al. 2020, The Host Galaxies and Progenitors
of Fast Radio Bursts Localized with the Australian Square Kilometre Array Pathfinder, ApJ,
895, L37

Bhardwaj, M., Gaensler, B. M., Kaspi, V. M., et al. 2021a, A Nearby Repeating Fast Radio Burst
in the Direction of M81, ApJ, 910, L18

Bhardwaj, M., Kirichenko, A. Y., Michilli, D., et al. 2021b, A Local Universe Host for the Re-
peating Fast Radio Burst FRB 20181030A, ApJ, 919, L24

Bij, A., Lin, H.-H., Li, D., et al. 2021, Kinematics of Crab Giant Pulses, ApJ, 920, 38

Blanton, M. R., Hogg, D. W., Bahcall, N. A., et al. 2003, The Galaxy Luminosity Function and
Luminosity Density at Redshift z = 0.1, ApJ, 592, 819

Bochenek, C. D., Ravi, V., Belov, K. V., et al. 2020, A fast radio burst associated with a Galactic
magnetar, Nature, 587, 59

Bray, J. C. & Eldridge, J. J. 2016, Neutron star kicks and their relationship to supernovae ejecta
mass, MNRAS, 461, 3747

Brentjens, M. A. & de Bruyn, A. G. 2005, Faraday rotation measure synthesis, A&A, 441, 1217

Burke-Spolaor, S., Bailes, M., Ekers, R., Macquart, J.-P., & Crawford, Fronefield, I. 2011,
Radio Bursts with Extragalactic Spectral Characteristics Show Terrestrial Origins, ApJ, 727,
18

Caleb, M., Heywood, I., Rajwade, K., et al. 2022a, Discovery of a radio-emitting neutron star
with an ultra-long spin period of 76 s, Nature Astronomy

Caleb, M., Keane, E. F., van Straten, W., et al. 2018, The SUrvey for Pulsars and Extragalactic
Radio Bursts - III. Polarization properties of FRBs 160102 and 151230, MNRAS, 478, 2046



B

189

Caleb, M., Rajwade, K., Desvignes, G., et al. 2022b, Radio and X-ray observations of giant
pulses from XTE J1810 - 197, MNRAS, 510, 1996

Caleb, M., Stappers, B. W., Abbott, T. D., et al. 2020, Simultaneous multi-telescope observa-
tions of FRB 121102, MNRAS, 496, 4565

Camilo, F., Ransom, S. M., Halpern, J. P., & Reynolds, J. 2007, 1E 1547.0-5408: A Radio-
emitting Magnetar with a Rotation Period of 2 Seconds, ApJ, 666, L93

Camilo, F., Ransom, S. M., Halpern, J. P., et al. 2006, Transient pulsed radio emission from a
magnetar, Nature, 442, 892

Cenko, S. B., Butler, N. R., Ofek, E. O., et al. 2010, Unveiling the Origin of Grb 090709A: Lack
of Periodicity in a Reddened Cosmological Long-Duration Gamma-Ray Burst, AJ, 140, 224

Chatterjee, S., Cordes, J. M., Vlemmings, W. H. T., et al. 2004, Pulsar Parallaxes at 5 GHz
with the Very Long Baseline Array, ApJ, 604, 339

Chatterjee, S., Law, C. J., Wharton, R. S., et al. 2017, A direct localization of a fast radio burst
and its host, Nature, 541, 58

Chawla, P., Andersen, B. C., Bhardwaj, M., et al. 2020, Detection of Repeating FRB
180916.J0158+65 Down to Frequencies of 300 MHz, ApJ, 896, L41

CHIME/FRB Collaboration, Amiri, M., Andersen, B. C., et al. 2021, The First CHIME/FRB
Fast Radio Burst Catalog, ApJS, 257, 59

Chime/Frb Collaboration, Amiri, M., Andersen, B. C., et al. 2020, Periodic activity from a
fast radio burst source, Nature, 582, 351

CHIME/FRB Collaboration, Amiri, M., Bandura, K., et al. 2018, The CHIME Fast Radio Burst
Project: System Overview, ApJ, 863, 48

CHIME/FRB Collaboration, Amiri, M., Bandura, K., et al. 2019a, A second source of repeating
fast radio bursts, Nature, 566, 235

CHIME/FRB Collaboration, Amiri, M., Bandura, K., et al. 2019b, Observations of fast radio
bursts at frequencies down to 400 megahertz, Nature, 566, 230

CHIME/FRB Collaboration, Andersen, B. C., Bandura, K., et al. 2019c, CHIME/FRB Discovery
of Eight New Repeating Fast Radio Burst Sources, ApJ, 885, L24

CHIME/FRB Collaboration, Andersen, B. C., Bandura, K. M., et al. 2020, A bright millisecond-
duration radio burst from a Galactic magnetar, Nature, 587, 54

Chime/Frb Collabortion. 2021, Recent high activity from a repeating Fast Radio Burst discov-
ered by CHIME/FRB, The Astronomer’s Telegram, 14497, 1



190 Bibliography

B

Cho, H., Macquart, J.-P., Shannon, R. M., et al. 2020, Spectropolarimetric Analysis of FRB
181112 at Microsecond Resolution: Implications for Fast Radio Burst Emission Mechanism,
ApJ, 891, L38

Clauset, A., Rohilla Shalizi, C., & Newman, M. E. J. 2007, Power-law distributions in empirical
data, arXiv e-prints, arXiv:0706.1062

Cognard, I., Shrauner, J. A., Taylor, J. H., & Thorsett, S. E. 1996, Giant Radio Pulses from a
Millisecond Pulsar, ApJ, 457, L81

Colgate, S. A. 1975, Electromagnetic pulse from supernovae., ApJ, 198, 439

Colgate, S. A. & Noerdlinger, P. D. 1971, Coherent Emission from Expanding Supernova Shells,
ApJ, 165, 509

Condon, J. J., Cotton, W. D., Greisen, E. W., et al. 1998, The NRAO VLA Sky Survey, AJ, 115,
1693

Condon, J. J. & Ransom, S. M. 2016, Essential Radio Astronomy

Cordes, J. M. 1976, Pulsar radiation as polarized shot noise., ApJ, 210, 780

Cordes, J. M., Bhat, N. D. R., Hankins, T. H., McLaughlin, M. A., & Kern, J. 2004, The Brightest
Pulses in the Universe: Multifrequency Observations of the Crab Pulsar’s Giant Pulses, ApJ,
612, 375

Cordes, J. M. & Chatterjee, S. 2019, Fast Radio Bursts: An Extragalactic Enigma, ARA&A, 57,
417

Cordes, J. M. & Lazio, T. J. 1991, Interstellar Scattering Effects on the Detection of Narrow-
Band Signals, ApJ, 376, 123

Cordes, J. M. & Lazio, T. J. W. 2002, NE2001.I. A New Model for the Galactic Distribution of
Free Electrons and its Fluctuations, arXiv e-prints, astro

Cordes, J. M. & McLaughlin, M. A. 2003, Searches for Fast Radio Transients, ApJ, 596, 1142

Cordes, J. M. & Wasserman, I. 2016, Supergiant pulses from extragalactic neutron stars, MN-
RAS, 457, 232

Cordes, J. M., Wasserman, I., Hessels, J. W. T., et al. 2017, Lensing of Fast Radio Bursts by
Plasma Structures in Host Galaxies, ApJ, 842, 35

Cordes, J. M., Weisberg, J. M., & Boriakoff, V. 1985, Small-scale electron density turbulence
in the interstellar medium., ApJ, 288, 221

Crane, P. C. & Napier, P. J. 1989, Sensitivity, in Astronomical Society of the Pacific Conference
Series, Vol. 6, Synthesis Imaging in Radio Astronomy, ed. R. A. Perley, F. R. Schwab, & A. H.
Bridle, 139



B

191

Crawford, D. F., Jauncey, D. L., & Murdoch, H. S. 1970, Maximum-Likelihood Estimation of
the Slope from Number-Flux Counts of Radio Sources, ApJ, 162, 405

Crawford, F., Kaspi, V. M., Manchester, R. N., et al. 2001, Radio Pulsars in the Magellanic
Clouds, ApJ, 553, 367

Cruces, M., Spitler, L. G., Scholz, P., et al. 2021, Repeating behaviour of FRB 121102: period-
icity, waiting times, and energy distribution, MNRAS, 500, 448

Day, C. K., Bhandari, S., Deller, A. T., Shannon, R. M., & Moss, V. A. 2021, ASKAP localisation
of the FRB 20201124A source, The Astronomer’s Telegram, 14515, 1

Day, C. K., Deller, A. T., Shannon, R. M., et al. 2020, High time resolution and polarization
properties of ASKAP-localized fast radio bursts, MNRAS, 497, 3335

Deng, W. & Zhang, B. 2014, Cosmological Implications of Fast Radio Burst/Gamma-Ray Burst
Associations, ApJ, 783, L35

Dopita, M. A., Kewley, L. J., Sutherland, R. S., & Nicholls, D. C. 2016, Chemical abundances
in high-redshift galaxies: a powerful new emission line diagnostic, Ap&SS, 361, 61

Driessen, L. N., Janssen, G. H., Bassa, C. G., Stappers, B. W., & Stinebring, D. R. 2019, Scat-
tering features and variability of the Crab pulsar, MNRAS, 483, 1224

Dyks, J., Harding, A. K., & Rudak, B. 2004, Relativistic Effects and Polarization in Three High-
Energy Pulsar Models, ApJ, 606, 1125

Eatough, R. P., Falcke, H., Karuppusamy, R., et al. 2013, A strong magnetic field around the
supermassive black hole at the centre of the Galaxy, Nature, 501, 391

Eftekhari, T. & Berger, E. 2017, Associating Fast Radio Bursts with Their Host Galaxies, ApJ,
849, 162

Eftekhari, T., Berger, E., Margalit, B., et al. 2019, A Radio Source Coincident with the Superlu-
minous Supernova PTF10hgi: Evidence for a Central Engine and an Analog of the Repeating
FRB 121102?, ApJ, 876, L10

Everett, J. E. & Weisberg, J. M. 2001, Emission Beam Geometry of Selected Pulsars Derived
from Average Pulse Polarization Data, ApJ, 553, 341

Faber, S. M., Willmer, C. N. A., Wolf, C., et al. 2007, Galaxy Luminosity Functions to z~1 from
DEEP2 and COMBO-17: Implications for Red Galaxy Formation, ApJ, 665, 265

Falcke, H. & Rezzolla, L. 2014, Fast radio bursts: the last sign of supramassive neutron stars,
A&A, 562, A137

Farah, W., Flynn, C., Bailes, M., et al. 2018, FRB microstructure revealed by the real-time
detection of FRB170827, MNRAS, 478, 1209



192 Bibliography

B

Farah, W., Pollak, A. W., Siemion, A. P. V., et al. 2021, A bright double-peaked radio burst
from FRB20201124A detected with the Allen Telescope Array, The Astronomer’s Telegram,
14676, 1

Feng, Y., Li, D., Yang, Y.-P., et al. 2022, Frequency-dependent polarization of repeating fast
radio bursts—implications for their origin, Science, 375, 1266

Fletcher, C. & Fermi GBM Team. 2020, Fermi GBM observation of a bright flare frommagnetar
SGR 1935+2154, GRB Coordinates Network, 27659, 1

Fomalont, E. B. & Perley, R. A. 1999, Calibration and Editing, in Astronomical Society of the
Pacific Conference Series, Vol. 180, Synthesis Imaging in Radio Astronomy II, ed. G. B.
Taylor, C. L. Carilli, & R. A. Perley, 79

Fong, W.-f., Dong, Y., Leja, J., et al. 2021, Chronicling the Host Galaxy Properties of the Re-
markable Repeating FRB 20201124A, ApJ, 919, L23

Fonseca, E., Andersen, B. C., Bhardwaj, M., et al. 2020, Nine New Repeating Fast Radio Burst
Sources from CHIME/FRB, ApJ, 891, L6

Force, M. M., Demorest, P., & Rankin, J. M. 2015, Absolute polarization determinations of 33
pulsars using the Green Bank Telescope, MNRAS, 453, 4485

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, emcee: The MCMC Ham-
mer, PASP, 125, 306

Freedman, W. L., Hughes, S. M., Madore, B. F., et al. 1994, The Hubble Space Telescope
Extragalactic Distance Scale Key Project. I. The Discovery of Cepheids and a New Distance to
M81, ApJ, 427, 628

Fujii, M. S. & Portegies Zwart, S. 2011, The Origin of OB Runaway Stars, Science, 334, 1380

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2018, Gaia Data Release 2. Summary
of the contents and survey properties, A&A, 616, A1

Gaia Collaboration, Brown, A. G. A., Vallenari, A., et al. 2016, Gaia Data Release 1. Summary
of the astrometric, photometric, and survey properties, A&A, 595, A2

Gajjar, V., Perez, K. I., Siemion, A. P. V., et al. 2021, The Breakthrough Listen Search For
Intelligent Life Near the Galactic Center. I., AJ, 162, 33

Gajjar, V., Siemion, A. P. V., Price, D. C., et al. 2018, Highest Frequency Detection of FRB
121102 at 4-8 GHz Using the Breakthrough Listen Digital Backend at the Green Bank Tele-
scope, ApJ, 863, 2

Gavriil, F. P., Kaspi, V. M., & Woods, P. M. 2004, A Comprehensive Study of the X-Ray Bursts
from the Magnetar Candidate 1E 2259+586, ApJ, 607, 959



B

193

Gehrels, N., Ramirez-Ruiz, E., & Fox, D. B. 2009, Gamma-Ray Bursts in the Swift Era, ARA&A,
47, 567

Geyer, M., Serylak, M., Abbate, F., et al. 2021, The Thousand-Pulsar-Array programme on
MeerKAT - III. Giant pulse characteristics of PSR J0540-6919, MNRAS, 505, 4468

Ghirlanda, G., Salafia, O. S., Paragi, Z., et al. 2019, Compact radio emission indicates a struc-
tured jet was produced by a binary neutron star merger, Science, 363, 968

Good, D. & Chime/Frb Collaboration. 2020, CHIME/FRB Detection of Three More Radio Bursts
from SGR 1935+2154, The Astronomer’s Telegram, 14074, 1

Goodman, J. 1997, Radio scintillation of gamma-ray-burst afterglows, New A, 2, 449

Gordon, D., Jacobs, C., Beasley, A., et al. 2016, Second Epoch VLBA Calibrator Survey Obser-
vations: VCS-II, AJ, 151, 154

Gordon, Y. A., Boyce, M. M., O’Dea, C. P., et al. 2020, A Catalog of Very Large Array Sky
Survey Epoch 1 Quick Look Components, Sources, and Host Identifications, Research Notes
of the American Astronomical Society, 4, 175

Gould, D. M. & Lyne, A. G. 1998, Multifrequency polarimetry of 300 radio pulsars, MNRAS,
301, 235

Gourdji, K., Michilli, D., Spitler, L. G., et al. 2019, A Sample of Low-energy Bursts from FRB
121102, ApJ, 877, L19

Granot, J. & Piran, T. 2012, On the lateral expansion of gamma-ray burst jets, MNRAS, 421,
570

Greisen, E. W. 2003, AIPS, the VLA, and the VLBA, in Astrophysics and Space Science Library,
Vol. 285, Information Handling in Astronomy - Historical Vistas, ed. A. Heck, 109

Grossan, B. 2021, Possible Periodic Windowed Behavior in SGR1935+2154 Bursts, PASP, 133,
074202

Gruzinov, A. & Levin, Y. 2019, Conversion Measure of Faraday Rotation-Conversion with Ap-
plication to Fast Radio Bursts, ApJ, 876, 74

Gu, W.-M., Dong, Y.-Z., Liu, T., Ma, R., & Wang, J. 2016, A Neutron Star-White Dwarf Binary
Model for Repeating Fast Radio Burst 121102, ApJ, 823, L28

Guillochon, J., Parrent, J., Kelley, L. Z., & Margutti, R. 2017, An Open Catalog for Supernova
Data, ApJ, 835, 64

Gusev, A. S. 2014, Hierarchy and size distribution function of star formation regions in the
spiral galaxy NGC 628, MNRAS, 442, 3711



194 Bibliography

B

Haffner, L. M., Reynolds, R. J., Tufte, S. L., et al. 2003, The Wisconsin Hα Mapper Northern
Sky Survey, ApJS, 149, 405

Hagstotz, S., Reischke, R., & Lilow, R. 2022, A new measurement of the Hubble constant using
fast radio bursts, MNRAS, 511, 662

Hankins, T. H. & Eilek, J. A. 2007, Radio Emission Signatures in the Crab Pulsar, ApJ, 670,
693

Hankins, T. H., Eilek, J. A., & Jones, G. 2016, The Crab Pulsar at Centimeter Wavelengths. II.
Single Pulses, ApJ, 833, 47

Hankins, T. H., Jones, G., & Eilek, J. A. 2015, The Crab Pulsar at Centimeter Wavelengths. I.
Ensemble Characteristics, ApJ, 802, 130

Hankins, T. H., Kern, J. S., Weatherall, J. C., & Eilek, J. A. 2003, Nanosecond radio bursts from
strong plasma turbulence in the Crab pulsar, Nature, 422, 141

Hardy, L. K., Dhillon, V. S., Spitler, L. G., et al. 2017, A search for optical bursts from the
repeating fast radio burst FRB 121102, MNRAS, 472, 2800

Heiles, C. & Campbell, D. B. 1970, Pulsar NP 0532: Properties and Systematic Polarization of
Individual Strong Pulses at 430 MHz, Nature, 226, 529

Heinke, C. O., Grindlay, J. E., Lugger, P. M., et al. 2003, Analysis of the Quiescent Low-Mass
X-Ray Binary Population in Galactic Globular Clusters, ApJ, 598, 501

Heintz, K. E., Prochaska, J. X., Simha, S., et al. 2020, Host Galaxy Properties and Offset Dis-
tributions of Fast Radio Bursts: Implications for Their Progenitors, ApJ, 903, 152

Herrmann, W. 2021, Extremely bright pulse from FRB20201124A observed with the 25-m
Stockert Radio Telescope, The Astronomer’s Telegram, 14556, 1

Hessels, J., Possenti, A., Bailes, M., et al. 2015, Pulsars in Globular Clusters with the SKA, in
Advancing Astrophysics with the Square Kilometre Array (AASKA14), 47

Hessels, J. W. T., Ransom, S. M., Stairs, I. H., et al. 2006, A Radio Pulsar Spinning at 716 Hz,
Science, 311, 1901

Hessels, J. W. T., Spitler, L. G., Seymour, A. D., et al. 2019, FRB 121102 Bursts Show Complex
Time-Frequency Structure, ApJ, 876, L23

Hewish, A., Bell, S. J., Pilkington, J. D. H., Scott, P. F., & Collins, R. A. 1968, Observation of
a Rapidly Pulsating Radio Source, Nature, 217, 709

Hewitt, D. M., Snelders, M. P., Hessels, J. W. T., et al. 2021, Arecibo observations of a burst
storm from FRB 20121102A in 2016, arXiv e-prints, arXiv:2111.11282



B

195

Hilmarsson, G. H., Michilli, D., Spitler, L. G., et al. 2021a, Rotation Measure Evolution of the
Repeating Fast Radio Burst Source FRB 121102, ApJ, 908, L10

Hilmarsson, G. H., Spitler, L. G., Main, R. A., & Li, D. Z. 2021b, Polarization properties of FRB
20201124A from detections with the Effelsberg 100-m radio telescope, MNRAS, 508, 5354

Hobbs, G., Lorimer, D. R., Lyne, A. G., & Kramer, M. 2005, A statistical study of 233 pulsar
proper motions, MNRAS, 360, 974

Hotan, A. W., van Straten, W., & Manchester, R. N. 2004, PSRCHIVE and PSRFITS: An Open
Approach to Radio Pulsar Data Storage and Analysis, PASA, 21, 302

Houben, L. J. M., Spitler, L. G., ter Veen, S., et al. 2019, Constraints on the low frequency
spectrum of FRB 121102, A&A, 623, A42

Hunter, J. D. 2007, Matplotlib: A 2D graphics environment, Computing In Science & Engi-
neering, 9, 90

Huppenkothen, D., Bachetti, M., Stevens, A. L., et al. 2019, Stingray: A Modern Python Li-
brary for Spectral Timing, ApJ, 881, 39

Huppenkothen, D., Brewer, B. J., Hogg, D. W., et al. 2015, Dissecting Magnetar Variability
with Bayesian Hierarchical Models, ApJ, 810, 66

Huppenkothen, D., Watts, A. L., Uttley, P., et al. 2013, Quasi-periodic Oscillations and Broad-
band Variability in Short Magnetar Bursts, ApJ, 768, 87

Inoue, S. 2004, Probing the cosmic reionization history and local environment of gamma-ray
bursts through radio dispersion, MNRAS, 348, 999

Ioka, K. 2003, The Cosmic Dispersion Measure from Gamma-Ray Burst Afterglows: Probing the
Reionization History and the Burst Environment, ApJ, 598, L79

Ioka, K. & Zhang, B. 2020, A Binary Comb Model for Periodic Fast Radio Bursts, ApJ, 893, L26

Israel, G. L., Belloni, T., Stella, L., et al. 2005, The Discovery of Rapid X-Ray Oscillations in
the Tail of the SGR 1806-20 Hyperflare, ApJ, 628, L53

Israel, G. L., Esposito, P., Rea, N., et al. 2016, The discovery, monitoring and environment of
SGR J1935+2154, MNRAS, 457, 3448

Israel, G. L., Romano, P., Mangano, V., et al. 2008, A Swift Gaze into the 2006 March 29
Burst Forest of SGR 1900+14, ApJ, 685, 1114

Jahns, J. N., Spitler, L. G., Nimmo, K., et al. 2022, The FRB 20121102A November rain in
2018 observed with the Arecibo Telescope, arXiv e-prints, arXiv:2202.05705

James, C. W., Ekers, R. D., Macquart, J. P., Bannister, K. W., & Shannon, R. M. 2019, The
slope of the source-count distribution for fast radio bursts, MNRAS, 483, 1342



196 Bibliography

B

Jarrett, T. H., Cluver, M. E., Magoulas, C., et al. 2017, Galaxy and Mass Assembly (GAMA):
Exploring the WISE Web in G12, ApJ, 836, 182

Jessner, A., Popov, M. V., Kondratiev, V. I., et al. 2010, Giant pulses with nanosecond time
resolution detected from the Crab pulsar at 8.5 and 15.1 GHz, A&A, 524, A60

Josephy, A., Chawla, P., Fonseca, E., et al. 2019, CHIME/FRB Detection of the Original Repeat-
ing Fast Radio Burst Source FRB 121102, ApJ, 882, L18

Karachentsev, I. D., Dolphin, A. E., Geisler, D., et al. 2002, The M 81 group of galaxies: New
distances, kinematics and structure, A&A, 383, 125

Karuppusamy, R., Stappers, B. W., & van Straten, W. 2010, Giant pulses from the Crab pulsar.
A wide-band study, A&A, 515, A36

Kashiyama, K. & Murase, K. 2017, Testing the Young Neutron Star Scenario with Persistent
Radio Emission Associated with FRB 121102, ApJ, 839, L3

Kaspi, V. M. & Beloborodov, A. M. 2017, Magnetars, ARA&A, 55, 261

Kauffmann, G., Heckman, T. M., Tremonti, C., et al. 2003, The host galaxies of active galactic
nuclei, MNRAS, 346, 1055

Kaur, B., Kanekar, N., & Prochaska, J. X. 2022, A fast radio burst progenitor born in a galaxy
merger, ApJ, 925, L20

Keane, E. F. 2018, The future of fast radio burst science, Nature Astronomy, 2, 865

Keane, E. F., Stappers, B. W., Kramer, M., & Lyne, A. G. 2012, On the origin of a highly
dispersed coherent radio burst, MNRAS, 425, L71

Keimpema, A., Kettenis, M. M., Pogrebenko, S. V., et al. 2015, The SFXC software correlator
for very long baseline interferometry: algorithms and implementation, Experimental Astron-
omy, 39, 259

Keith, M. J., Coles, W., Shannon, R. M., et al. 2013,Measurement and correction of variations
in interstellar dispersion in high-precision pulsar timing, MNRAS, 429, 2161

Kennicutt, Robert C., J., Tamblyn, P., & Congdon, C. E. 1994, Past and Future Star Formation
in Disk Galaxies, ApJ, 435, 22

Kewley, L. J. & Dopita, M. A. 2002, Using Strong Lines to Estimate Abundances in Extragalactic
H II Regions and Starburst Galaxies, ApJS, 142, 35

Kewley, L. J., Dopita, M. A., Sutherland, R. S., Heisler, C. A., & Trevena, J. 2001, Theoretical
Modeling of Starburst Galaxies, ApJ, 556, 121

Kilpatrick, C. D., Fong, W., Prochaska, J. X., et al. 2021, A redshift for the putative host galaxy
of FRB20201124A, The Astronomer’s Telegram, 14516, 1



B

197

Kirsten, F., Marcote, B., Nimmo, K., et al. 2022, A repeating fast radio burst source in a globular
cluster, Nature, 602, 585

Kirsten, F., Ould-Boukattine, O. S., Nimmo, K., et al. 2021a, Two bright bursts from FRB
20201124A with the Onsala 25-m telescope at 1.4 GHz, with no simultaneous emission
detected at 330 MHz with Westerbork 25-m, The Astronomer’s Telegram, 14605, 1

Kirsten, F., Snelders, M. P., Jenkins, M., et al. 2021b, Detection of two bright radio bursts from
magnetar SGR 1935 + 2154, Nature Astronomy, 5, 414

Kirsten, F., Vlemmings, W., Campbell, R. M., Kramer, M., & Chatterjee, S. 2015, Revisiting
the birth locations of pulsars B1929+10, B2020+28, and B2021+51, A&A, 577, A111

Kokubo, M., Mitsuda, K., Sugai, H., et al. 2017, Hα Intensity Map of the Repeating Fast Radio
Burst FRB 121102 Host Galaxy from Subaru/Kyoto 3DII AO-assisted Optical Integral-field
Spectroscopy, ApJ, 844, 95

Kramer, M., Stappers, B. W., Jessner, A., Lyne, A. G., & Jordan, C. A. 2007, Polarized radio
emission from a magnetar, MNRAS, 377, 107

Kremer, K., Piro, A. L., & Li, D. 2021, Dynamical Formation Channels for Fast Radio Bursts in
Globular Clusters, ApJ, 917, L11

Kulkarni, S. R. 2020, Dispersion measure: Confusion, Constants & Clarity, arXiv e-prints,
arXiv:2007.02886

Kumar, P., Lu, W., & Bhattacharya, M. 2017, Fast radio burst source properties and curvature
radiation model, MNRAS, 468, 2726

Kumar, P., Shannon, R. M., Flynn, C., et al. 2021, Extremely band-limited repetition from a
fast radio burst source, MNRAS, 500, 2525

Kumar, P., Shannon, R. M., Lower, M. E., et al. 2022, Circularly polarized radio emission from
the repeating fast radio burst source FRB 20201124A, MNRAS, 512, 3400

Kumar, P., Shannon, R. M., Osłowski, S., et al. 2019, Faint Repetitions from a Bright Fast Radio
Burst Source, ApJ, 887, L30

Lanman, A. E., Andersen, B. C., Chawla, P., et al. 2022, A Sudden Period of High Activity from
Repeating Fast Radio Burst 20201124A, ApJ, 927, 59

Law, C., Tendulkar, S., Clarke, T., Aggarwal, K., & Bethapudy, S. 2021, VLA/realfast local-
ization and deep imaging of FRB 20201124A, The Astronomer’s Telegram, 14526, 1

Law, C. J., Abruzzo, M. W., Bassa, C. G., et al. 2017, A Multi-telescope Campaign on FRB
121102: Implications for the FRB Population, ApJ, 850, 76

Law, C. J., Bower, G. C., Burke-Spolaor, S., et al. 2018a, realfast: Real-time, Commensal Fast
Transient Surveys with the Very Large Array, ApJS, 236, 8



198 Bibliography

B

Law, C. J., Butler, B. J., Prochaska, J. X., et al. 2020, A Distant Fast Radio Burst Associated
with Its Host Galaxy by the Very Large Array, ApJ, 899, 161

Law, C. J., Connor, L., & Aggarwal, K. 2022, On the Fast Radio Burst and Persistent Radio
Source Populations, ApJ, 927, 55

Law, C. J., Gaensler, B. M., Metzger, B. D., Ofek, E. O., & Sironi, L. 2018b, Discovery of
the Luminous, Decades-long, Extragalactic Radio Transient FIRST J141918.9+394036, ApJ,
866, L22

Lazarus, P., Karuppusamy, R., Graikou, E., et al. 2016, Prospects for high-precision pulsar
timing with the new Effelsberg PSRIX backend, MNRAS, 458, 868

Levin, L., Bailes, M., Bates, S., et al. 2010, A Radio-loud Magnetar in X-ray Quiescence, ApJ,
721, L33

Levin, Y., Beloborodov, A. M., & Bransgrove, A. 2020, Precessing Flaring Magnetar as a Source
of Repeating FRB 180916.J0158+65, ApJ, 895, L30

Li, C. K., Tuo, Y. L., Ge, M. Y., et al. 2020, Insight-HXMT X-ray and hard X-ray upper limits
to the radio burst detected by FAST from SGR 1935+2154, The Astronomer’s Telegram,
13703, 1

Li, D., Wang, P., Zhu, W. W., et al. 2021, A bimodal burst energy distribution of a repeating
fast radio burst source, Nature, 598, 267

Li, Y., Zhang, B., Nagamine, K., & Shi, J. 2019, The FRB 121102 Host Is Atypical among
Nearby Fast Radio Bursts, ApJ, 884, L26

Loewenstein, M., Mushotzky, R. F., Angelini, L., Arnaud, K. A., & Quataert, E. 2001, Chan-
dra Limits on X-Ray Emission Associated with the Supermassive Black Holes in Three Giant
Elliptical Galaxies, ApJ, 555, L21

Lomb, N. R. 1976, Least-Squares Frequency Analysis of Unequally Spaced Data, Ap&SS, 39,
447

Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic, D. J., & Crawford, F. 2007, A Bright
Millisecond Radio Burst of Extragalactic Origin, Science, 318, 777

Lorimer, D. R. & Kramer, M. 2004, Handbook of Pulsar Astronomy, Vol. 4

Lorimer, D. R., Yates, J. A., Lyne, A. G., & Gould, D. M. 1995, Multifrequency flux density
measurements of 280 pulsars, MNRAS, 273, 411

Lower, M. E., Shannon, R. M., Johnston, S., & Bailes, M. 2020, Spectropolarimetric Properties
of Swift J1818.0-1607: A 1.4 s Radio Magnetar, ApJ, 896, L37

Lu, W., Beniamini, P., & Kumar, P. 2022, Implications of a rapidly varying FRB in a globular
cluster of M81, MNRAS, 510, 1867



B

199

Lu, W., Kumar, P., & Narayan, R. 2019, Fast radio burst source properties from polarization
measurements, MNRAS, 483, 359

Luo, R., Wang, B. J., Men, Y. P., et al. 2020, Diverse polarization angle swings from a repeating
fast radio burst source, Nature, 586, 693

Lyubarsky, Y. 2014, A model for fast extragalactic radio bursts., MNRAS, 442, L9

Lyubarsky, Y. 2020, Fast Radio Bursts from Reconnection in a Magnetar Magnetosphere, ApJ,
897, 1

Lyutikov, M. 2013, The Electromagnetic Model of Short GRBs, the Nature of Prompt Tails,
Supernova-less Long GRBs, and Highly Efficient Episodic Accretion, ApJ, 768, 63

Lyutikov, M. 2017, Fast Radio Bursts’ Emission Mechanism: Implication from Localization, ApJ,
838, L13

Lyutikov, M. 2020, Radius-to-frequency Mapping and FRB Frequency Drifts, ApJ, 889, 135

Lyutikov, M. 2021, Coherent Emission in Pulsars, Magnetars, and Fast Radio Bursts:
Reconnection-driven Free Electron Laser, ApJ, 922, 166

Lyutikov, M., Barkov, M. V., & Giannios, D. 2020, FRB Periodicity: Mild Pulsars in Tight O/B-
star Binaries, ApJ, 893, L39

Lyutikov, M. & Popov, S. 2020, Fast Radio Bursts from reconnection events in magnetar mag-
netospheres, arXiv e-prints, arXiv:2005.05093

MacMahon, D. H. E., Price, D. C., Lebofsky, M., et al. 2018, The Breakthrough Listen Search
for Intelligent Life: A Wideband Data Recorder System for the Robert C. Byrd Green Bank
Telescope, PASP, 130, 044502

Macquart, J. P., Prochaska, J. X., McQuinn, M., et al. 2020, A census of baryons in the Universe
from localized fast radio bursts, Nature, 581, 391

MAGIC Collaboration, Acciari, V. A., Ansoldi, S., et al. 2018, Constraining very-high-energy
and optical emission from FRB 121102 with the MAGIC telescopes, MNRAS, 481, 2479

Magnier, E. A., Schlafly, E. F., Finkbeiner, D. P., et al. 2020, Pan-STARRS Photometric and
Astrometric Calibration, ApJS, 251, 6

Mahony, E. K., Ekers, R. D., Macquart, J.-P., et al. 2018, A Search for the Host Galaxy of FRB
171020, ApJ, 867, L10

Main, R. A., Hilmarsson, G. H., Marthi, V. R., et al. 2022, Scintillation time-scale measurement
of the highly active FRB20201124A, MNRAS, 509, 3172

Majid, W. A., Pearlman, A. B., Nimmo, K., et al. 2020, A Dual-band Radio Observation of FRB
121102 with the Deep Space Network and the Detection of Multiple Bursts, ApJ, 897, L4



200 Bibliography

B

Majid, W. A., Pearlman, A. B., Prince, T. A., et al. 2021, A Bright Fast Radio Burst from FRB
20200120E with Sub-100 Nanosecond Structure, ApJ, 919, L6

Manchester, R. N., Hobbs, G. B., Teoh, A., & Hobbs, M. 2005, The Australia Telescope National
Facility Pulsar Catalogue, AJ, 129, 1993

Manchester, R. N. & Taylor, J. H. 1972, Parameters of 61 Pulsars, Astrophys. Lett., 10, 67

Mannings, A. G., Fong, W.-f., Simha, S., et al. 2021, A High-resolution View of Fast Radio Burst
Host Environments, ApJ, 917, 75

Marcote, B., Kirsten, F., Hessels, J. W. T., et al. 2021, VLBI localization of FRB 20201124A and
absence of persistent emission on milliarcsecond scales, The Astronomer’s Telegram, 14603,
1

Marcote, B., Nimmo, K., Hessels, J. W. T., et al. 2020, A repeating fast radio burst source
localized to a nearby spiral galaxy, Nature, 577, 190

Marcote, B., Nimmo, K., Salafia, O. S., et al. 2019, Resolving the Decades-long Transient FIRST
J141918.9+394036: An Orphan Long Gamma-Ray Burst or a Young Magnetar Nebula?,
ApJ, 876, L14

Marcote, B., Paragi, Z., & Hessels, J. W. T. 2018, First EVN measurements of the transient
FIRST J141918.9+394036 on milliarcsecond scales, The Astronomer’s Telegram, 12126, 1

Marcote, B., Paragi, Z., Hessels, J. W. T., et al. 2017, The Repeating Fast Radio Burst FRB
121102 as Seen on Milliarcsecond Angular Scales, ApJ, 834, L8

Margalit, B., Berger, E., & Metzger, B. D. 2019, Fast Radio Bursts from Magnetars Born in
Binary Neutron Star Mergers and Accretion Induced Collapse, ApJ, 886, 110

Margalit, B. & Metzger, B. D. 2018, A Concordance Picture of FRB 121102 as a Flaring Mag-
netar Embedded in a Magnetized Ion-Electron Wind Nebula, ApJ, 868, L4

Margalit, B., Metzger, B. D., & Sironi, L. 2020, Constraints on the engines of fast radio bursts,
MNRAS, 494, 4627

Martí-Vidal, I., Guirado, J. C., Jiménez-Monferrer, S., & Marcaide, J. M. 2010a, Atmo-
spheric turbulence in phase-referenced and wide-field interferometric images. Application to
the Square Kilometre Array, A&A, 517, A70

Martí-Vidal, I., Pérez-Torres, M. A., & Lobanov, A. P. 2012, Over-resolution of compact sources
in interferometric observations, A&A, 541, A135

Martí-Vidal, I., Ros, E., Pérez-Torres, M. A., et al. 2010b, Coherence loss in phase-referenced
VLBI observations, A&A, 515, A53

Masui, K., Lin, H.-H., Sievers, J., et al. 2015, Dense magnetized plasma associated with a fast
radio burst, Nature, 528, 523



B

201

Mather, J. C., Cheng, E. S., Cottingham, D. A., et al. 1994, Measurement of the Cosmic Mi-
crowave Background Spectrum by the COBE FIRAS Instrument, ApJ, 420, 439

McHardy, I. M., Koerding, E., Knigge, C., Uttley, P., & Fender, R. P. 2006, Active galactic nuclei
as scaled-up Galactic black holes, Nature, 444, 730

McLaughlin, M. A., Lyne, A. G., Lorimer, D. R., et al. 2006, Transient radio bursts from rotat-
ing neutron stars, Nature, 439, 817

McQuinn, M. 2014, Locating the “Missing” Baryons with Extragalactic Dispersion Measure
Estimates, ApJ, 780, L33

Mereghetti, S., Savchenko, V., Ferrigno, C., et al. 2020, INTEGRAL Discovery of a Burst with
Associated Radio Emission from the Magnetar SGR 1935+2154, ApJ, 898, L29

Metzger, B. D., Berger, E., & Margalit, B. 2017, Millisecond Magnetar Birth Connects FRB
121102 to Superluminous Supernovae and Long-duration Gamma-Ray Bursts, ApJ, 841, 14

Metzger, B. D., Margalit, B., & Sironi, L. 2019, Fast radio bursts as synchrotron maser emission
from decelerating relativistic blast waves, MNRAS, 485, 4091

Michilli, D. & Hessels, J. W. T. 2018, SpS: Single-pulse Searcher

Michilli, D., Hessels, J. W. T., Lyon, R. J., et al. 2018a, Single-pulse classifier for the LOFAR
Tied-Array All-sky Survey, MNRAS, 480, 3457

Michilli, D., Masui, K. W., Mckinven, R., et al. 2021, An Analysis Pipeline for CHIME/FRB
Full-array Baseband Data, ApJ, 910, 147

Michilli, D., Seymour, A., Hessels, J. W. T., et al. 2018b, An extreme magneto-ionic environ-
ment associated with the fast radio burst source FRB 121102, Nature, 553, 182

Mignard, F., Klioner, S., Lindegren, L., et al. 2016, Gaia Data Release 1. Reference frame and
optical properties of ICRF sources, A&A, 595, A5

Mimica, P. & Giannios, D. 2011, Gamma-ray burst afterglow light curves from realistic density
profiles, MNRAS, 418, 583

Modjaz, M., Kewley, L., Kirshner, R. P., et al. 2008, Measured Metallicities at the Sites of
Nearby Broad-Lined Type Ic Supernovae and Implications for the Supernovae Gamma-Ray
Burst Connection, AJ, 135, 1136

Mooley, K. P., Deller, A. T., Gottlieb, O., et al. 2018, Superluminal motion of a relativistic jet
in the neutron-star merger GW170817, Nature, 561, 355

Murase, K., Kashiyama, K., & Mészáros, P. 2016, A burst in a wind bubble and the impact on
baryonic ejecta: high-energy gamma-ray flashes and afterglows from fast radio bursts and
pulsar-driven supernova remnants, MNRAS, 461, 1498



202 Bibliography

B

Nakar, E. & Granot, J. 2007, Smooth light curves from a bumpy ride: relativistic blast wave
encounters a density jump, MNRAS, 380, 1744

Nan, R., Li, D., Jin, C., et al. 2011, The Five-Hundred Aperture Spherical Radio Telescope (fast)
Project, International Journal of Modern Physics D, 20, 989

Natarajan, I., Paragi, Z., Zwart, J., et al. 2017, Resolving the blazar CGRaBS J0809+5341 in
the presence of telescope systematics, MNRAS, 464, 4306

Ng, C., Vanderlinde, K., Paradise, A., et al. 2017, CHIME FRB: An application of FFT beamform-
ing for a radio telescope, in XXXII International Union of Radio Science General Assembly
& Scientific Symposium (URSI GASS) 2017, 4

Nimmo, K., Hessels, J. W. T., Keimpema, A., et al. 2021, Highly polarized microstructure from
the repeating FRB 20180916B, Nature Astronomy, 5, 594

Nimmo, K., Hessels, J. W. T., Kirsten, F., et al. 2022a, Burst timescales and luminosities as
links between young pulsars and fast radio bursts, Nature Astronomy, 6, 393

Nimmo, K., Hewitt, D. M., Hessels, J. W. T., et al. 2022b, Milliarcsecond Localization of the
Repeating FRB 20201124A, ApJ, 927, L3

Niu, C. H., Aggarwal, K., Li, D., et al. 2021, A repeating fast radio burst associated with a
persistent radio source, arXiv e-prints, arXiv:2110.07418

Noll, C. E. 2010, The crustal dynamics data information system: A resource to support scientific
analysis using space geodesy, Advances in Space Research, 45, 1421

Nomoto, K. & Kondo, Y. 1991, Conditions for Accretion-induced Collapse of White Dwarfs, ApJ,
367, L19

Ofek, E. O. 2017, A Search for FRB 121102-like Persistent Radio-luminous Sources—
Candidates and Implications for the FRB Rate and Searches, ApJ, 846, 44

Omand, C. M. B., Kashiyama, K., & Murase, K. 2018, Radio emission from embryonic super-
luminous supernova remnants, MNRAS, 474, 573

Oostrum, L. C., Maan, Y., van Leeuwen, J., et al. 2020, Repeating fast radio bursts with WS-
RT/Apertif, A&A, 635, A61

Oppermann, N., Yu, H.-R., & Pen, U.-L. 2018, On the non-Poissonian repetition pattern of
FRB121102, MNRAS, 475, 5109

Ould-Boukattine, O. S., Kirsten, F., Nimmo, K., et al. 2022, Subsequent detection of three more
bursts from FRB 20201124A using the Westerbork-RT1 25-m telescope, The Astronomer’s
Telegram, 15192, 1

Palmer, D. M. 2020, A Forest of Bursts from SGR 1935+2154, The Astronomer’s Telegram,
13675, 1



B

203

Paragi, Z., Godfrey, L., Reynolds, C., et al. 2015, Very Long Baseline Interferometry with the
SKA, Advancing Astrophysics with the Square Kilometre Array (AASKA14), 143

Pastor-Marazuela, I., Connor, L., van Leeuwen, J., et al. 2021, Chromatic periodic activity
down to 120 megahertz in a fast radio burst, Nature, 596, 505

Patterson, M. T., Walterbos, R. A. M., Kennicutt, R. C., Chiappini, C., & Thilker, D. A. 2012,
An oxygen abundance gradient into the outer disc of M81, MNRAS, 422, 401

Pearlman, A. B., Majid, W. A., Prince, T. A., et al. 2020, Multiwavelength Radio Observations
of Two Repeating Fast Radio Burst Sources: FRB 121102 and FRB 180916.J0158+65, ApJ,
905, L27

Perelmuter, J.-M., Brodie, J. P., & Huchra, J. P. 1995, Kinematics andMetallicity of 25 Globular
Clusters in M81, AJ, 110, 620

Perelmuter, J.-M. & Racine, R. 1995, The Globular Cluster System of M81, AJ, 109, 1055

Petroff, E., Bailes, M., Barr, E. D., et al. 2015, A real-time fast radio burst: polarization detec-
tion and multiwavelength follow-up, MNRAS, 447, 246

Petroff, E., Barr, E. D., Jameson, A., et al. 2016, FRBCAT: The Fast Radio Burst Catalogue,
PASA, 33, e045

Petroff, E., Hessels, J. W. T., & Lorimer, D. R. 2019, Fast radio bursts, A&A Rev., 27, 4

Petroff, E., Hessels, J. W. T., & Lorimer, D. R. 2022, Fast radio bursts at the dawn of the 2020s,
A&A Rev., 30, 2

Philippov, A., Uzdensky, D. A., Spitkovsky, A., & Cerutti, B. 2019, Pulsar Radio Emission Mech-
anism: Radio Nanoshots as a Low-frequency Afterglow of Relativistic Magnetic Reconnection,
ApJ, 876, L6

Pihlström, Y. M., Taylor, G. B., Granot, J., & Doeleman, S. 2007, Stirring the Embers: High-
Sensitivity VLBI Observations of GRB 030329, ApJ, 664, 411

Pilia, M., Burgay, M., Possenti, A., et al. 2020, The Lowest-frequency Fast Radio Bursts: Sar-
dinia Radio Telescope Detection of the Periodic FRB 180916 at 328 MHz, ApJ, 896, L40

Piro, A. L. & Gaensler, B. M. 2018, The Dispersion and Rotation Measure of Supernova Rem-
nants and Magnetized Stellar Winds: Application to Fast Radio Bursts, ApJ, 861, 150

Piro, L., Bruni, G., Troja, E., et al. 2021, The fast radio burst FRB 20201124A in a star-forming
region: Constraints to the progenitor and multiwavelength counterparts, A&A, 656, L15

Planck Collaboration, Aghanim, N., Akrami, Y., et al. 2020, Planck 2018 results. VI. Cosmo-
logical parameters, A&A, 641, A6



204 Bibliography

B

Platts, E., Weltman, A., Walters, A., et al. 2019, A living theory catalogue for fast radio bursts,
Phys. Rep., 821, 1

Plavin, A., Paragi, Z., Marcote, B., et al. 2022, FRB 121102: Drastic changes in the burst
polarization contrasts with the stability of the persistent emission, MNRAS, 511, 6033

Plavin, A. V., Kovalev, Y. Y., Pushkarev, A. B., & Lobanov, A. P. 2019, Significant core shift
variability in parsec-scale jets of active galactic nuclei, MNRAS, 485, 1822

Pleunis, Z., Good, D. C., Kaspi, V. M., et al. 2021a, Fast Radio Burst Morphology in the First
CHIME/FRB Catalog, ApJ, 923, 1

Pleunis, Z., Michilli, D., Bassa, C. G., et al. 2021b, LOFAR Detection of 110-188 MHz Emission
and Frequency-dependent Activity from FRB 20180916B, ApJ, 911, L3

Pooley, D., Lewin, W. H. G., Anderson, S. F., et al. 2003, Dynamical Formation of Close Binary
Systems in Globular Clusters, ApJ, 591, L131

Pradel, N., Charlot, P., & Lestrade, J. F. 2006, Astrometric accuracy of phase-referenced obser-
vations with the VLBA and EVN, A&A, 452, 1099

Prandoni, I., Murgia, M., Tarchi, A., et al. 2017, The Sardinia Radio Telescope . From a tech-
nological project to a radio observatory, A&A, 608, A40

Prochaska, J. X., Macquart, J.-P., McQuinn, M., et al. 2019, The low density andmagnetization
of a massive galaxy halo exposed by a fast radio burst, Science, 366, 231

Prochaska, J. X. & Zheng, Y. 2019, Probing Galactic haloes with fast radio bursts, MNRAS,
485, 648

Protassov, R., van Dyk, D. A., Connors, A., Kashyap, V. L., & Siemiginowska, A. 2002, Statis-
tics, Handle with Care: Detecting Multiple Model Components with the Likelihood Ratio Test,
ApJ, 571, 545

Pushkarev, A. B. & Kovalev, Y. Y. 2015, Milky Way scattering properties and intrinsic sizes of
active galactic nuclei cores probed by very long baseline interferometry surveys of compact
extragalactic radio sources, MNRAS, 452, 4274

Rajwade, K. M., Mickaliger, M. B., Stappers, B. W., et al. 2020, Possible periodic activity in
the repeating FRB 121102, MNRAS, 495, 3551

Rand, R. J. 1996, Diffuse Ionized Gas in Nine Edge-on Galaxies, ApJ, 462, 712

Ransom, S. M. 2001, New search techniques for binary pulsars, PhD thesis, Harvard University,
Massachusetts

Ravi, V. 2019, The prevalence of repeating fast radio bursts, Nature Astronomy, 3, 928



B

205

Ravi, V., Catha, M., D’Addario, L., et al. 2019, A fast radio burst localized to a massive galaxy,
Nature, 572, 352

Ravi, V., Law, C. J., Li, D., et al. 2022, The host galaxy and persistent radio counterpart of FRB
20201124A, MNRAS, 513, 982

Ravi, V., Shannon, R. M., Bailes, M., et al. 2016, The magnetic field and turbulence of the
cosmic web measured using a brilliant fast radio burst, Science, 354, 1249

Rees, M. J. 1977, A better way of searching for black-hole explosions?, Nature, 266, 333

Reich, P. & Reich, W. 1988, Spectral index variations of the galactic radio continuum emission
: evidence for a galactic wind., A&A, 196, 211

Reines, A. E., Condon, J. J., Darling, J., & Greene, J. E. 2020, A New Sample of (Wandering)
Massive Black Holes in Dwarf Galaxies from High-resolution Radio Observations, ApJ, 888,
36

Remazeilles, M., Dickinson, C., Banday, A. J., Bigot-Sazy, M. A., & Ghosh, T. 2015, An im-
proved source-subtracted and destriped 408-MHz all-sky map, MNRAS, 451, 4311

Remillard, R. A., McClintock, J. E., Orosz, J. A., & Levine, A. M. 2006, The X-Ray Outburst of
H1743-322 in 2003: High-Frequency QPOs with a 3:2 Frequency Ratio, ApJ, 637, 1002

Ricci, R., Piro, L., Panessa, F., et al. 2021, Detection of a persistent radio source at the location
of FRB20201124A with VLA, The Astronomer’s Telegram, 14549, 1

Rickett, B. J. 1975, Amplitude-modulated noise: an empirical model for the radio radiation
received from pulsars., ApJ, 197, 185

Rickett, B. J. 1990, Radio propagation through the turbulent interstellar plasma., ARA&A, 28,
561

Ridnaia, A., Golenetskii, S., Aptekar, R., et al. 2020, Konus-Wind observation of hard X-ray
counterpart of the radio burst from SGR 1935+2154, GRB Coordinates Network, 27669, 1

Riess, A. G., Casertano, S., Yuan, W., Macri, L. M., & Scolnic, D. 2019, Large Magellanic Cloud
Cepheid Standards Provide a 1% Foundation for the Determination of the Hubble Constant
and Stronger Evidence for Physics beyond ΛCDM, ApJ, 876, 85

Ros, E., Schwarz, D. J., & Vocks, C. 2018, Community Paper on Radio Astronomy Infrastruc-
tures, arXiv e-prints, arXiv:1802.08467

Rosswog, S., Ramirez-Ruiz, E., & Davies, M. B. 2003, High-resolution calculations of merging
neutron stars - III. Gamma-ray bursts, MNRAS, 345, 1077

Ryle, M. & Vonberg, D. D. 1946, Solar Radiation on 175 Mc./s., Nature, 158, 339



206 Bibliography

B

Savitzky, A. & Golay, M. J. E. 1964, Smoothing and differentiation of data by simplified least
squares procedures, Analytical Chemistry, 36, 1627

Scargle, J. D. 1982, Studies in astronomical time series analysis. II. Statistical aspects of spectral
analysis of unevenly spaced data., ApJ, 263, 835

Scholz, P., Bogdanov, S., Hessels, J. W. T., et al. 2017, Simultaneous X-Ray, Gamma-Ray, and
Radio Observations of the Repeating Fast Radio Burst FRB 121102, ApJ, 846, 80

Scholz, P., Cook, A., Cruces, M., et al. 2020, Simultaneous X-Ray and Radio Observations of
the Repeating Fast Radio Burst FRB ∼ 180916.J0158+65, ApJ, 901, 165

Scholz, P., Spitler, L. G., Hessels, J. W. T., et al. 2016, The Repeating Fast Radio Burst FRB
121102: Multi-wavelength Observations and Additional Bursts, ApJ, 833, 177

Sciama, D. W. 1964, The Physical Structure of General Relativity, Reviews of Modern Physics,
36, 463

Seebeck, J., Ravi, V., Connor, L., et al. 2021, The Effects of Selection Biases on the Analysis of
Localised Fast Radio Bursts, arXiv e-prints, arXiv:2112.07639

Sell, P. H., Pooley, D., Zezas, A., et al. 2011, Luminosity Functions and Point-source Properties
from Multiple Chandra Observations of M81, ApJ, 735, 26

Shepherd, M. C., Pearson, T. J., & Taylor, G. B. 1994, DIFMAP: an interactive program for
synthesis imaging., in Bulletin of the American Astronomical Society, Vol. 26, 987–989

Sironi, L. & Giannios, D. 2013, A Late-time Flattening of Light Curves in Gamma-Ray Burst
Afterglows, ApJ, 778, 107

Smith, F. G. 1968, Faraday Rotation of Radio Waves from the Pulsars, Nature, 220, 891

Sobacchi, E., Lyubarsky, Y., Beloborodov, A. M., & Sironi, L. 2021, Self-modulation of fast
radio bursts, MNRAS, 500, 272

Spitler, L. G., Cordes, J. M., Hessels, J. W. T., et al. 2014, Fast Radio Burst Discovered in the
Arecibo Pulsar ALFA Survey, ApJ, 790, 101

Spitler, L. G., Scholz, P., Hessels, J. W. T., et al. 2016, A repeating fast radio burst, Nature,
531, 202

Staelin, D. H. 1970, Observed Shapes of Crab Nebula Radio Pulses, Nature, 226, 69

Staelin, D. H. & Reifenstein, Edward C., I. 1968, Pulsating Radio Sources near the Crab Nebula,
Science, 162, 1481

Stephens, M. 1974, EDF Statistics for Goodness of Fit and Some Comparisons., Journal of the
American Statistical Association, 69, 730



B

207

Stratta, G., Dainotti, M. G., Dall’Osso, S., Hernandez, X., & De Cesare, G. 2018, On the
Magnetar Origin of the GRBs Presenting X-Ray Afterglow Plateaus, ApJ, 869, 155

Tan, C. M., Bassa, C. G., Cooper, S., et al. 2018, LOFAR Discovery of a 23.5 s Radio Pulsar,
ApJ, 866, 54

Tauris, T. M., Sanyal, D., Yoon, S. C., & Langer, N. 2013, Evolution towards and beyond
accretion-induced collapse of massive white dwarfs and formation of millisecond pulsars, A&A,
558, A39

Tavani, M., Ursi, A., Verrecchia, F., et al. 2020, AGILE detection of a hard X-ray burst in
temporal coincidence with a radio burst from SGR 1935+2154, The Astronomer’s Telegram,
13686, 1

Taylor, J. H., Manchester, R. N., & Lyne, A. G. 1993, Catalog of 558 Pulsars, ApJS, 88, 529

Tendulkar, S. P., Bassa, C. G., Cordes, J. M., et al. 2017, The Host Galaxy and Redshift of the
Repeating Fast Radio Burst FRB 121102, ApJ, 834, L7

Tendulkar, S. P., Gil de Paz, A., Kirichenko, A. Y., et al. 2021, The 60 pc Environment of FRB
20180916B, ApJ, 908, L12

The CHIME/FRB Collaboration, Andersen, B. C., Bandura, K., et al. 2021, Sub-second peri-
odicity in a fast radio burst, arXiv e-prints, arXiv:2107.08463

Thompson, A. R. 1999, Fundamentals of Radio Interferometry, in ASP Conf. Ser., Vol. 180,
Synthesis Imaging in Radio Astronomy II, ed. G. B. Taylor, C. L. Carilli, & R. A. Perley, 11

Thornton, D., Stappers, B., Bailes, M., et al. 2013, A Population of Fast Radio Bursts at Cos-
mological Distances, Science, 341, 53

Thulasiram, P. & Lin, H.-H. 2021, Narrow-band giant pulses from the Crab pulsar, MNRAS,
508, 1947

Tuccari, G., Alef, W., Bertarini, A., et al. 2010, DBBC2 Backend: status and development plan.,
in Behrend D, Baver KD (eds) IVS 2010 General Meeting Proceedings, Vol. NASA/CP-2010-
215864, 392–395

Vachaspati, T. 2008, Cosmic Sparks from Superconducting Strings, Phys. Rev. Lett., 101,
141301

van der Horst, A. J., Kouveliotou, C., Gorgone, N. M., et al. 2012, SGR J1550-5418 Bursts
Detected with the Fermi Gamma-Ray Burst Monitor during its Most Prolific Activity, ApJ,
749, 122

van der Klis, M. 2006, in Compact stellar X-ray sources, Vol. 39, 39–112

van Straten, W. 2009, The Statistics of Radio Astronomical Polarimetry: Bright Sources and
High Time Resolution, ApJ, 694, 1413



208 Bibliography

B

van Straten, W. & Bailes, M. 2011, DSPSR: Digital Signal Processing Software for Pulsar As-
tronomy, PASA, 28, 1

van Straten, W., Jameson, A., & Osłowski, S. 2021, PSRDADA: Distributed Acquisition
and Data Analysis for Radio Astronomy, Astrophysics Source Code Library, record
ascl:2110.003

van Straten, W., Manchester, R. N., Johnston, S., & Reynolds, J. E. 2010, PSRCHIVE and
PSRFITS: Definition of the Stokes Parameters and Instrumental Basis Conventions, PASA, 27,
104

VanderPlas, J. T. 2018, Understanding the Lomb-Scargle Periodogram, ApJS, 236, 16

Vedantham, H. K. & Ravi, V. 2019, Faraday conversion and magneto-ionic variations in fast
radio bursts, MNRAS, 485, L78

Wadiasingh, Z., Beniamini, P., Timokhin, A., et al. 2020, The Fast Radio Burst Luminosity
Function and Death Line in the Low-twist Magnetar Model, ApJ, 891, 82

Wharton, R., Bethapudi, S., Gautam, T., et al. 2021a, uGMRT detection of a persistent radio
source coincident with FRB20201124A, The Astronomer’s Telegram, 14529, 1

Wharton, R., Bethapudi, S., Gautam, T., et al. 2021b, uGMRT detection of a persistent radio
source coincident with FRB20201124A, The Astronomer’s Telegram, 14529, 1

Wharton, R., Bethapudi, S., Marthi, V., et al. 2021c, uGMRT localization of FRB20201124A,
The Astronomer’s Telegram, 14538, 1

Whitney, A. 2004, The Mark 5B VLBI Data System, in European VLBI Network on New De-
velopments in VLBI Science and Technology, 251–252

Whitney, A., Kettenis, M., Phillips, C., & Sekido, M. 2010, VLBI Data Interchange Format
(VDIF), in Sixth International VLBI Service for Geodesy and Astronomy. Proceedings from
the 2010 General Meeting, ed. R. Navarro, S. Rogstad, C. E. Goodhart, E. Sigman, M. So-
riano, D. Wang, L. A. White, & C. S. Jacobs, 192–196

Wright, E. L. 2006, A Cosmology Calculator for the World Wide Web, PASP, 118, 1711

Wu, Z., Verbiest, J. P. W., Main, R. A., et al. 2022, Pulsar scintillation studies with LOFAR. I.
The census, arXiv e-prints, arXiv:2203.10409

Xu, H., Niu, J. R., Chen, P., et al. 2021, A fast radio burst source at a complex magnetised site
in a barred galaxy, arXiv e-prints, arXiv:2111.11764

Xu, S. & Zhang, B. 2020, Probing the Intergalactic Turbulence with Fast Radio Bursts, ApJ,
898, L48

Yamasaki, S. & Totani, T. 2020, The Galactic Halo Contribution to the Dispersion Measure of
Extragalactic Fast Radio Bursts, ApJ, 888, 105



B

209

Yao, J. M., Manchester, R. N., & Wang, N. 2017, A New Electron-density Model for Estimation
of Pulsar and FRB Distances, ApJ, 835, 29

Ye, C. S., Kremer, K., Chatterjee, S., Rodriguez, C. L., & Rasio, F. A. 2019, Millisecond Pulsars
and Black Holes in Globular Clusters, ApJ, 877, 122

Younes, G., Güver, T., Kouveliotou, C., et al. 2020, NICER View of the 2020 Burst Storm and
Persistent Emission of SGR 1935+2154, ApJ, 904, L21

Yuan, Y., Beloborodov, A. M., Chen, A. Y., & Levin, Y. 2020, Plasmoid Ejection by Alfvén Waves
and the Fast Radio Bursts from SGR 1935+2154, ApJ, 900, L21

Zanazzi, J. J. & Lai, D. 2020, Periodic Fast Radio Bursts with Neutron Star Free Precession, ApJ,
892, L15

Zhang, B. 2016, Mergers of Charged Black Holes: Gravitational-wave Events, Short Gamma-
Ray Bursts, and Fast Radio Bursts, ApJ, 827, L31

Zhang, B. 2017, A “Cosmic Comb” Model of Fast Radio Bursts, ApJ, 836, L32

Zhang, B. 2018a, Fast Radio Burst Energetics and Detectability from High Redshifts, ApJ, 867,
L21

Zhang, B. 2018b, FRB 121102: A Repeatedly Combed Neutron Star by a Nearby Low-luminosity
Accreting Supermassive Black Hole, ApJ, 854, L21

Zhang, C. F., Jiang, J. C., Men, Y. P., et al. 2020, A highly polarised radio burst detected from
SGR 1935+2154 by FAST, The Astronomer’s Telegram, 13699, 1

Zhang, W. & MacFadyen, A. 2009, The Dynamics and Afterglow Radiation of Gamma-Ray
Bursts. I. Constant Density Medium, ApJ, 698, 1261

Zhang, Y.-C. & Yang, X.-H. 2019, Size distribution of galaxies in SDSS DR7: weak dependence
on halo environment, , 19, 006

Zhong, S.-Q. & Dai, Z.-G. 2020, Magnetars from Neutron Star-White Dwarf Mergers: Applica-
tion to Fast Radio Bursts, ApJ, 893, 9

Zhong, S.-Q., Dai, Z.-G., Zhang, H.-M., & Deng, C.-M. 2020, On the Distance of SGR
1935+2154 Associated with FRB 200428 and Hosted in SNR G57.2+0.8, ApJ, 898, L5

Zhou, B., Li, X., Wang, T., Fan, Y.-Z., & Wei, D.-M. 2014, Fast radio bursts as a cosmic probe?,
Phys. Rev. D, 89, 107303





Contribution from co-authors

The relative chapter contribution of each co-author is represented by their position in the
author list, unless specified.

Chapter 2: Highly polarized microstructure from the repeating FRB 20180916B
K. Nimmo, J. W. T. Hessels, A. Keimpema, A. M. Archibald, J. M. Cordes, R. Karup-
pusamy, F. Kirsten, D. Z. Li, B. Marcote, Z. Paragi

Nature Astronomy, 2021, 5, 594
K.N. discovered the signals, led the data analysis, made the figures, and wrote the ma-
jority of the manuscript. J.W.T.H. guided the work and made important contributions
to the writing and interpretation. A.K. performed pre-processing of the EVN voltage
data. All other authors contributed significantly to aspects of the data acquisition, anal-
ysis strategy or interpretation.

Chapter 3: Burst timescales and luminosities as links between young pulsars and fast radio
bursts
K. Nimmo, J. W. T. Hessels, F. Kirsten, A. Keimpema, J. M. Cordes, M. P. Snelders, D. M.
Hewitt, R. Karuppusamy, A. M. Archibald, V. Bezrukovs, M. Bhardwaj, R. Blaauw, S. T.
Buttaccio, T. Cassanelli, J. E. Conway, A. Corongiu, R. Feiler, E. Fonseca, O. Forssén,
M. Gawroński, M. Giroletti, M. A. Kharinov, C. Leung, M. Lindqvist, G. Maccaferri, B.
Marcote, K. W. Masui, R. Mckinven, A. Melnikov, D. Michilli, A. G. Mikhailov, C. Ng, A.
Orbidans, O. S. Ould-Boukattine, Z. Paragi, A. B. Pearlman, E. Petroff, M. Rahman, P.
Scholz, K. Shin, K. M. Smith, I. H. Stairs, G. Surcis, S. P. Tendulkar, W. Vlemmings, N.
Wang, J. Yang, J. P. Yuan

Nature Astronomy, 2022, 6, 393
K.N. led the data analysis, made the figures, and wrote most of the manuscript. J.W.T.H.
guided the work and made important contributions to the writing and interpretation.
F.K. discovered the bursts and contributed to the analysis of the voltage data. A.K.
adapted the SFXC code to created coherently dedispersed voltage data at the native
time resolution. J.M.C. provided important insights into the data analysis strategy.
M.P.S., D.M.H. and R.K. played supporting roles in the data acquisition and analysis.
All other authors contributed significantly to laying the groundwork for this study,
aspects of the data acquisition, or interpretation.



212 Contribution from co-authors

C

Chapter 4: A burst storm from the repeating FRB 20200120E in an M81 globular cluster
K. Nimmo, J. W. T. Hessels, M. P. Snelders, R. Karuppusamy, D. M. Hewitt, F. Kirsten,
B. Marcote, U. Bach, A. Bansod, E. D. Barr, J. Behrend, V. Bezrukovs, S. Buttaccio, R.
Feiler, M. P. Gawroński, M. Lindqvist, A. Orbidans, W. Puchalska, N. Wang, T. Winchen,
P. Wolak, J. Wu, and J. Yuan

Monthly Notices of the Royal Astronomical Society, submitted, arXiv:2206.03759
Chapter 5: Milliarcsecond localization of the repeating FRB 20201124A

K. Nimmo, D. M. Hewitt, J. W. T. Hessels, F. Kirsten, B. Marcote, U. Bach, R. Blaauw,
M. Burgay, A. Corongiu, R. Feiler, M. P. Gawroński, M. Giroletti, R. Karuppusamy, A.
Keimpema, M. A. Kharinov, M. Lindqvist, G. Maccaferri, A. Melnikov, A. Mikhailov, O. S.
Ould-Boukattine, Z. Paragi, M. Pilia, A. Possenti, M. P. Snelders, G. Surcis, M. Trudu,
T. Venturi, W. Vlemmings, N. Wang, J. Yang, J. Yuan

The Astrophysical Journal Letters, 2022, 927, L3
Chapter 6: A repeating fast radio burst source localized to a nearby spiral galaxy

B. Marcote, K. Nimmo, J. W. T. Hessels, S. P. Tendulkar, C. G. Bassa, Z. Paragi, A. Keim-
pema, M. Bhardwaj, R. Karuppusamy, V. M. Kaspi, C. J. Law, D. Michilli, K. Aggarwal,
B. Andersen, A. M. Archibald, K. Bandura, G. C. Bower, P. J. Boyle, C. Brar, S. Burke-
Spolaor, B. J. Butler, T. Cassanelli, P. Chawla, P. Demorest, M. Dobbs, E. Fonseca, U.
Giri, D. C. Good, K. Gourdji, A. Josephy, A. Yu. Kirichenko, F. Kirsten, T. L. Landecker,
D. Lang, T. J. W. Lazio, D. Z. Li, H. -H. Lin, J. D. Linford, K. Masui, J. Mena-Parra, A.
Naidu, C. Ng, C. Patel, U. L. Pen, Z. Pleunis, M. Rafiei-Ravandi, M. Rahman, A. Renard,
P. Scholz, S. R. Siegel, K. M. Smith, I. H. Stairs, K. Vanderlinde, A. V. Zwaniga

Nature, 2020, 577, 190
B.M. is Principal Investigator of the EVN observing programme and led the radio imag-
ing analysis of those data. K.N. discovered the radio bursts and led the time-domain
analysis. J.W.T.H. guided the time-domain analysis and made major contributions to
the writing of the manuscript. S.P.T. and C.B. led the optical imaging and spectro-
scopic analyses. Z.P. performed an independent analysis of the EVN data, and in pre-
vious years has pioneered the development of the EVN’s capabilities for fast transient
research. A.K. created the software used to correlate the EVN baseband data. M.B.
analysed the chance coincidence probability. R.K. arranged the Effelsberg PSRIX ob-
servations. C.J.L. analysed the VLA imaging data. D.M. determined the CHIME/FRB
baseband position. V.M.K. played a significant coordination role that enabled these
results. All other co-authors contributed to the CHIME/FRB discovery of the source or
the interpretation of the analysis results and the final version of the manuscript.

Chapter 7: Resolving the decades-long transient FIRST J141918.9+394036: an orphan
long gamma-ray burst or a young magnetar nebula?
B. Marcote, K. Nimmo, O. S. Salafia, Z. Paragi, J. W. T. Hessels, E. Petroff, R.
Karuppusamy



C

213

The Astrophysical Journal Letters, 2019, 876, L14
As an appendix to this chapter is a Research Note of the American Astronomical Society:
No Radio Bursts Detected from FIRST J1419+3940 in Green Bank Telescope Obser-
vations
K. Nimmo, V. Gajjar, J. W. T. Hessels, C. J. Law, R. S. Lynch, A. D. Seymour, L. G.
Spitler

Research Notes of the AAS, 2020, 4, 4, 50





Additional publications

A list of papers featuring K. Nimmo as a co-author, which are closely related to the work
presented in this thesis. These papers have been published by, accepted by or submitted to
a peer-reviewed journal, as indicated.

1. FRB 121102: Drastic changes in the burst polarization contrasts with the stability
of the persistent emission
A. Plavin, Z. Paragi, B. Marcote, A. Keimpema, J. W. T. Hessels, K. Nimmo, H. K.
Vendantham, L. G. Spitler
Monthly Notices of the Royal Astronomical Society, 2022, 511, 6033

2. The FRB 20121102A November rain in 2018 observed with the Arecibo Telescope
J. N. Jahns, L. G. Spitler, K. Nimmo, D. M. Hewitt, M. P. Snelders, A. Seymour,
J. W. T. Hessels, K. Gourdji, D. Michilli, G. H. Hilmarsson
Submitted to Monthly Notices of the Royal Astronomical Society,
arXiv:2202.05705

3. A repeating fast radio burst source in a globular cluster
F. Kirsten, B. Marcote, K. Nimmo, J. W. T. Hessels, and 62 co-authors
Nature, 2022, 602, 585

4. Arecibo observations of a burst storm from FRB 20121102A in 2016
D. M. Hewitt, M. P. Snelders, J. W. T. Hessels, K. Nimmo, J. N. Jahns, L. G.
Spitler, K. Gourdji, G. H. Hilmarsson, D. Michilli, O. S. Ould-Boukattine, P.
Scholz, A. D. Seymour
Accepted by Monthly Notices of the Royal Astronomical Society,
arXiv:2111.11282

5. Detection of two bright radio bursts from magnetar SGR 1935+2154
F. Kirsten, M. P. Snelders, M. Jenkins, K. Nimmo, J. van den Eijnden, J. W. T.
Hessels, M. P. Gawroński, J. Yang
Nature Astronomy, 2021, 5, 414

6. LOFAR Detection of 110-188 MHz Emission and Frequency-dependent Activity from
FRB 20180916B
Z. Pleunis, and 34 co-authors including K. Nimmo
The Astrophysical Journal Letters, 2021, 911, L3



216 Additional publications

P

7. The 60 pc Environment of FRB 20180916B
S. P. Tendulkar, and 20 co-authors including K. Nimmo
The Astrophysical Journal Letters, 2021, 908, L12

8. Rotation Measure Evolution of the Repeating Fast Radio Burst Source FRB 121102
G. H. Hilmarsson, D. Michilli, L. G. Spitler, R. S. Wharton, P. Demorest, G. Desvi-
gnes, K. Gourdji, S. Hackstein, J. W. T. Hessels, K. Nimmo, A. D. Seymour, M.
Kramer, R. Mckinven
The Astrophysical Journal Letters, 2021, 908, L10

9. Multiwavelength Radio Observations of Two Repeating Fast Radio Burst Sources:
FRB 121102 and FRB 180916.J0158+65
A. B. Pearlman, W. A. Majid, T. A. Prince, K. Nimmo, J. W. T. Hessels, C. J. Naudet,
J. Kocz
The Astrophysical Journal Letters, 2020, 905, L27

10. Simultaneous X-Ray and Radio Observations of the Repeating Fast Radio Burst
FRB 180916.J0158+65
P. Scholz, and 37 co-authors including K. Nimmo
The Astrophysical Journal, 2020, 901, 165

11. A Dual-band Radio Observation of FRB 121102 with the Deep Space Network and
the Detection of Multiple Bursts
W. A. Majid, A. B. Pearlman, K. Nimmo, J. W. T. Hessels, T. A. Prince, C. J. Naudet,
J. Kocz, S. Horiuchi
The Astrophysical Journal Letters, 2020, 897, L4

12. Periodic activity from a fast radio burst source
CHIME/FRB Collaboration: 72 co-authors including K. Nimmo
Nature, 2020, 582, 351



English Summary

This thesis is focused on exploring the nature of FRB emission by studying the burst proper-
ties and local environments in detail. The main science questions considered are:

• What types of astrophysical objects are capable of producing fast radio transients?
• Are repeating and non-repeating FRBs coming from the same type of sources, but with

varying levels of activity?
• Are all repeating FRBs the same type of object?
• What is the physical mechanism behind the FRB emission?

The thesis is divided into two parts. The first, “Zooming-in in time”, details work using
extremely high time resolution (from 30ns to µs) single-dish Effelsberg observations (see
§1.6.1) of repeating FRB sources. In the second, “Zooming-in in space”, we use the EVN (see
§1.6.2) to pinpoint repeating FRBs to milliarcsecond precision, identifying their host galax-
ies, probing their immediate surroundings and we study a radio transient with a potential
link to FRBs on spatial scales of ∼ pc.

Zooming-in in time

In Chapter 2 we probe 1.4GHz FRB 20180916B (§1.2.2) burst properties down to microsec-
ond timescales using raw voltage data recorded with the 100-m Effelsberg telescope. We
show that the bursts exhibit a range of timescales from milliseconds down to 3–4µs (Fig-
ure 2.1). These short timescales cast doubt on the non-magnetospheric emission models
(§1.4), since they imply a small emission region (∼km ignoring relativistic effects). Follow-
ing Beniamini & Kumar (2020), the minimum observable timescale is

δt = rϵ
2

2cγ
2 ,

which gives δt ∼ 10µs for radial distance r = 105 km, radiative efficiency ϵ = 0.1 and
Lorentz factor γ = 10 (Kumar et al., 2017). Therefore, the microsecond burst structure we
observed is most naturally explained in magnetospheric models (radial distance < 105 km).
Additionally, we observe polarimetric properties akin to that of FRB 20121102A, but differing
from the general non-repeater polarimetric properties, suggesting that repeating FRBs could
have a characteristic polarimetric description. Specifically, FRB 20180916B bursts at 1.4GHz
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are ∼ 100% linearly polarised, and ∼ 0% circularly polarised, with a constant polarisation
angle during and between bursts (Figure 2.5).
Diffractive scintillation in the Milky Way ISM causes scatter broadening on a timescale of
∼ 2.7µs at 1.4GHz along the line-of-sight to FRB 20180916B. This means that we are un-
able to probe timescales shorter than a few microseconds in the case of FRB 20180916B at
1.4GHz. FRB 20200120E, however, is at much higher Galactic latitude than FRB 20180916B,
meaning that the path through the Milky Way is “cleaner” and does not induce as large a
scatter broadening effect on bursts from FRB 20200120E (Figure 3.6). In Chapter 3 we ex-
ploit this fact and probe down to timescales of tens of nanoseconds. Typically the bursts have
durations of 100µs, which is exceptionally narrow compared with other repeating FRBs. In
one burst we see strong micro-structure which resolves down to 60ns isolated shots of emis-
sion (Figure 3.1), analogous to the “micro-bursts” and “nano-shots” phenomenology seen
from Crab pulsar giant pulses (Hankins & Eilek, 2007). The observed 60ns timescales fur-
ther constrain the size of the emission region to be on the order of 10m (ignoring relativistic
effects). Not only are the timescales generally shorter than typical for FRBs, but we find the
luminosities to be a few orders-of-magnitude lower than the weakest FRBs (and even 1–2
orders of magnitude weaker than the FRB-like burst from SGR 1935+2154; see §1.2.4).
The range of timescales and luminosities we measure from FRB 20200120E is bridging the
gap in the transient phase space between Galactic neutron stars and extragalactic FRBs
(Figure 1.2). In this work, we are probing a relatively unexplored parameter space in the
extremely short-duration (ns–µs), high-luminosity regime. This highlights that potentially
there are ultra-fast transients populating this parameter space that current FRB searches are
insensitive to.
In addition to FRB 20200120E exhibiting atypically narrow burst durations and low lumi-
nosities, FRB 20200120E lives in a nearby globular cluster (in M81, with distance 3.63Mpc;
Kirsten et al. 2022), which is in stark contrast to the other well-localised repeating FRBs
found in relative proximity to star-formation (see §1.2). However, we show in Chapter 3 that
the bursts exhibit polarimetric properties which match the characteristic description for re-
peating FRBs described in Chapter 2. Furthermore, in Chapter 4 we present the first-detected
“burst storm” (53 bursts discovered in a 40minute time window) from FRB 20200120E, re-
sembling the activity behaviour of other repeating FRBs (Figure 4.12). With a large burst
sample, we also show that the burst energy distribution is consistent with a power law (with
index −2.39 ± 0.12; Figure 4.16), the time between consecutive bursts follow a bi-modal
distribution (Figure 4.13), and there is no underlying periodicity in the burst arrival times,
all characteristic of repeating FRBs. Whether FRB 20200120E is the same type of object as
these other highly active repeating FRBs is still up for discussion, but Chapters 3 and 4 high-
light the importance of FRB 20200120E and other local Universe (< 100Mpc) sources of
fast radio transients to bridge our knowledge from Galactic sources to the extremely distant
FRBs.
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Zooming-in in space

As mentioned in §1.6.2, the localisation precision with VLBI depends on the maximum sepa-
ration of array elements, as well as the array configuration (number and orientation of array
elements), time on source, the source’s signal-to-noise ratio and howwell calibrated the data
is. FRBs, however, are ∼millisecond-duration transients, which is essentially a “snapshot” in
VLBI (no time integration). The advantage of repeating FRBs is that they produce multiple
bursts, so combining the data from multiple bursts improves the localisation accuracy (es-
pecially if they are separated by sufficient time such that the Earth has rotated causing the
projected array configuration to significantly change)1.
Due to the extremely high activity of FRB 20201124A (§1.2.3), we detected a total of 18
bursts during our VLBI campaign, at two separate observing epochs (Chapter 5). Using the
full sample we determined the FRB position to 2.7mas accuracy (1 σ). Having such a large
burst sample provided the opportunity to explore the astrometric accuracy as a function
of burst brightness and number of telescopes, while having detections at multiple epochs
allowed for an independent calibration to limit any systematic calibration uncertainties on
the final FRB position. We find that for ≥ 7 array elements, single bursts can be localised
to milliarcsecond precision, and that this drops to 0.1–1 arcsecond precision for 4 array ele-
ments. This is promising given that arcsecond localisation precision is sufficient to identify
the FRB’s host galaxy, while increasing to milliarcsecond precision will strongly constrain
the local environment properties.
With the 2.7mas localisation precision (Figure 5.2), we find that FRB 20201124A is em-
bedded in a star-forming region (Piro et al., 2021) in a massive star-forming galaxy at a
redshift of z= 0.0979 ± 0.0001 (Fong et al., 2021; Ravi et al., 2022). It is interesting to con-
sider whether FRB 20201124A’s high bursting activity (compared with other repeaters) is
related to its close proximity to active star formation. FRB 20121102A (§1.2.1) is also living
within a star-forming region (Bassa et al., 2017) and has relatively high bursting activity
(Li et al., 2021). The notable difference between FRB 20121102A and FRB 20201124A is
that the former has a compact persistent radio counterpart, while we show in Chapter 5 that
FRB 20201124A does not, down to a limit of 25µJy beam−1 (a factor of ∼ 60 times weaker
than the radio counterpart to FRB 20121102A; Figure 5.2). This work further establishes
the fact that repeating FRBs live in a diversity of host galaxy types and local environments,
a fact first established by the work presented in Chapter 6.
In Chapter 6 we precisely localise FRB 20180916B to a massive (stellar mass 1010 M⊙) Milky
Way-like spiral galaxy using the EVN (Figure 6.5). Not only does this host galaxy highlight
that the low-metallicity dwarf galaxy origin of FRB 20121102A is not a requirement for a
repeating FRB, but the lack of a comparably bright persistent radio source, and relatively
low RM, shows that their environments differ greatly. Using the 8-m Gemini-North telescope,
we determine a spectroscopic redshift of FRB 20180916B’s host galaxy, z = 0.0337±0.0002
(luminosity distance 149.0 ± 0.9Mpc), which, at the time of publication, was by far the

1Though with a large number of telescopes, optimally oriented, and good calibration, even single bursts can be
localised to milliarcsecond precision using VLBI.
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closest FRB known (compared with the typical ∼Gpc FRB distances). Additionally, using
Gemini-North, we determine that FRB 20180916B is living at the apex of a “v-shaped” star-
forming region2. This work shows that FRBs live in a diverse range of host galaxy types and
local environments. Perhaps this could mean that different types of astrophysical objects can
produce FRBs, or that a single FRB progenitor can live in many different environments.
Although Chapter 6 shows that not all repeating FRBs have luminous persistent radio sources,
a second repeating FRB, FRB 20190520B, was foundwith a persistent radio counterpart, and
other strikingly similar qualities to FRB 20121102A (§1.2.1; Niu et al. 2021). This highlights
that FRB 20121102A is not a red herring, but instead that some repeating FRBs are associ-
ated with a persistent radio counterpart. As discussed in §1.2.1, the nature of the persistent
emission is not yet understood, nor is the relationship between the FRB source and the per-
sistent emission. Law et al. (2022) predict that as much as 1% of the compact radio sources
in the local Universe could be these FRB persistent radio sources. In Chapter 7, we study a
radio source, FIRST J141918.9+394036, sharing properties with the persistent radio coun-
terpart of FRB 20121102A: specifically, host galaxy type, proximity to star-formation and
luminosity (Ofek, 2017). Using the EVN, we measure the radio source to be 1.6 ± 0.3 pc
in extent (Figure 7.2), which implies an expansion velocity of (0.10 ± 0.02)c, assuming an
explosion date in 1993 (from the first reported detection of FIRST J141918.9+394036; Law
et al. 2018b). The slowly-decaying nature of the radio source, mildly relativistic expansion
and lack of detected radio bursts in high-time-resolution observations (using both the 100-
m Effelsberg telescope and the 110-m Green Bank Telescope) supports the hypothesis that
FIRST J141918.9+394036 is related to jet expansion from a long gamma-ray burst, and
disfavours the competing model of a magnetar wind nebula. Nonetheless, there is evidence
for magnetar creation in some long gamma-ray bursts (Stratta et al., 2018), so perhaps ra-
dio bursts can be detected from FIRST J141918.9+394036 with sufficient follow-up time
and sensitivity. The behaviour of the longer-lived radio emission (expanding in size, and
decaying in luminosity), however, points at a fundamentally different origin from the FRB
persistent radio emission (Plavin et al., 2022).
In this thesis we show that FRBs come in a variety of “shapes and sizes” in their timescales,
luminosities and local environments. This diversity must be accommodated for in the pro-
genitor and emission models of fast radio transients.

2By increasing the spatial resolution in optical follow-up using the Hubble Space Telescope, Tendulkar et al. (2021)
show that FRB 20180916B is offset from the peak of a nearby star-forming knot by ∼ 250 pc (Figure 1.7).



Nederlandse Samenvatting

Dit proefschrift is gericht op het onderzoeken van de aard van de emissie van snelle radioflit-
sen (Fast Radio Bursts, FRB’s) door de flitseigenschappen en lokale omgevingen in detail te
bestuderen. De belangrijkste wetenschappelijke vragen zijn:

• Welke soorten astrofysische objecten zijn in staat om FRB’s te produceren?
• Zijn herhalende en niet-herhalende FRB’s afkomstig van hetzelfde type bronnen, maar

met verschillende activiteitsniveaus?
• Zijn alle herhalende FRB’s afkomstig van hetzelfde type object?
• Wat is het fysieke mechanisme achter de FRB-emissie?

Het proefschrift is opgedeeld in twee delen. Het eerste deel, “Inzoomen in de tijd”, beschrijft
het werk met extreem hoge tijdsresolutie (van 30 ns tot µs) waarnemingen met de enkele
schotel van de Effelsberg radiotelescoop (zie §1.6.1) van herhalende FRB-bronnen. In het
tweede deel, “Inzoomen in de ruimte”, gebruiken we de EVN (zie §1.6.2) om herhalende
FRB’s tot op milliboogseconden nauwkeurig te lokaliseren, hun gastheerstelsels te identifi-
ceren, de directe omgeving te onderzoeken en om een kortdurig radioverschijnsel met een
potentieel link naar FRB’s op een ruimtelijke schaal van ∼pc te bestuderen.

Inzoomen in de tijd

In hoofdstuk 2 onderzoeken we 1.4 GHz FRB 20180916B (§1.2.2) flitseigenschappen tot
op microseconde tijdschalen met behulp van ruwe voltagedata opgenomen met de 100-
m Effelsberg radiotelescoop. Wij laten zien dat de flitsen een bereik van tijdschalen verto-
nen van milliseconden tot 3-4 �s (Figuur 2.1). Deze korte tijdschalen geven twijfel over de
niet-magnetosferische emissiemodellen (§1.4), omdat ze een klein emissiegebied impliceren
(∼km, relativistische effecten buiten beschouwing gelaten). Naar aanleiding van Beniamini
& Kumar (2020), is de minimaal waarneembare tijdschaal

δt = rϵ
2

2cγ
2 ,

wat δt ∼ 10µs geeft, voor radiale afstand r = 105 km, stralingsrendement ϵ = 0.1 en
Lorentzfactor γ = 10 (Kumar et al., 2017). Daarom is de microseconde flitsstructuur die we
hebben waargenomen het meest natuurlijk verklaard in magnetosferische modellen (radi-
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ale afstand < 105 km). Bovendien observeren we polarimetrische eigenschappen die lijken
op die van FRB 20121102A, maar die verschillen van de algemene niet-herhalende FRB
polarimetrische eigenschappen, wat suggereert dat herhalende FRB’s een karakteristieke
polarimetrische beschrijving kunnen hebben. In het bijzonder, zijn FRB 20180916B flitsen
op 1.4GHz ∼100% lineair gepolariseerd en ∼0% circulair gepolariseerd, met een constante
polarisatiehoek tijdens en tussen flitsen (Figuur 2.5).
Diffractieve scintillatie in het Melkweg ISM veroorzaakt verbreding van het signaal door ver-
strooiing op een tijdschaal van ∼ 2.7µs op 1.4GHz langs de zichtlijn naar FRB 20180916B.
Dit betekent dat we geen tijdschalen kunnen onderzoeken die korter zijn dan een paar mi-
croseconden in het geval van FRB 20180916B op 1.4GHz. FRB 20200120E bevindt zich
echter op een veel hogere galactische breedtegraad dan FRB 20180916B, wat betekent dat
het pad door de Melkweg “schoner” is en er een minder groot verbredend effect is op het
signaal van flitsen van FRB 20200120E (Figuur 3.6) door verstrooiing. In hoofdstuk 3 benut-
ten we dit feit en onderzoeken we tijdschalen van tientallen nanoseconden. Meestal hebben
de flitsen een duur van 100µs, wat uitzonderlijk smal is in vergelijking met andere her-
halende FRB’s. In één flits zien we een sterke microstructuur waar 60 ns geïsoleerde flitsen
van emissie onderscheiden kunnen worden (Figuur 3.1), analoog aan de fenomenologie van
“micro-bursts” en “nano-shots” van de Krabpulsar reuzepulsen (Hankins & Eilek, 2007). De
waargenomen 60ns tijdschalen beperken de grootte van het emissiegebied verder tot in
de orde van 10m (relativistische effecten buiten beschouwing gelaten). Niet alleen zijn de
tijdschalen over het algemeen korter dan gewoonlijk is voor FRB’s, maar we vinden ook
dat de lichtsterktes een paar ordes van grootte lager zijn dan de zwakste FRB’s (en zelfs
1–2 ordes van grootte zwakker dan de FRB-achtige flits van SGR 1935+2154; zie §1.2.4).
Het bereik van tijdschalen en lichtsterkten die we meten van FRB 20200120E overbrugt de
kloof in de parameterruimte tussen galactische neutronensterren en extragalactische FRB’s
(Figuur 1.2). In dit werk onderzoeken we een relatief onverkende parameterruimte in het
extreem korte duur (ns–µs), hoge helderheid regime. Dit benadrukt dat er mogelijk ultra-
snelle kortdurige radioverschijnselen zijn die deze parameterruimte vullenwaar huidige FRB-
zoektochten ongevoelig voor zijn.
Naast dat FRB 20200120E atypische korte flitsen en lage lichtsterkte laat zien, leeft
FRB 20200120E in een nabijgelegen bolvormige sterrenhoop (in M81, op een afstand van
3.63Mpc; Kirsten et al. 2022), wat in sterk contrast staat met de andere goed gelokaliseerde
herhalende FRB’s gevonden in relatieve nabijheid van stervorming (zie §1.2). In hoofd-
stuk 3 laten we echter zien dat de flitsen polarimetrische eigenschappen vertonen die
overeenkomen met de karakteristieke beschrijving voor herhalende FRB’s die beschreven
zijn in hoofdstuk,2. Verder presenteren we in hoofdstuk,4 de eerst gedetecteerde “flitsstorm”
(53 flitsen ontdekt in een tijdvenster van 40 minuten) van FRB 20200120E, wat lijkt op het
activiteitsgedrag van andere herhalende FRB’s (Figuur 4.12). Met een grote verzameling
van flitsen, laten we ook zien dat de flits-energieverdeling consistent is met een machtsfunc-
tie (met index −2.39 ± 0.12; Figuur 4.16), de tijd tussen opeenvolgende bursts volgt een
bimodale distributie (Figuur 4.13) en er is geen onderliggende periodiciteit in de aankomstti-
jden van flitsen, allemaal kenmerkend voor herhalende FRB’s. Of FRB 20200120E hetzelfde
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type object is als deze andere zeer actieve herhalende FRB’s staat nog steeds ter discussie,
maar hoofdstuk 3 en 4 benadrukken het belang van FRB 20200120E en andere bronnen van
snelle kortdurig radioverschijnselen in het lokale universum (< 100Mpc) om onze kennis
te overbruggen van galactische bronnen naar het extreem verre FRB’s.

Inzoomen in de ruimte

Zoals vermeld in §1.6.2, hangt de lokalisatieprecisie met VLBI af van de maximale scheiding
van interferometer-elementen, evenals de configuratie van de interferometer (het aantal en
de oriëntatie van de elementen), tijd op de bron, de signaal-ruisverhouding van de bron
en hoe goed de gegevens zijn gekalibreerd. FRB’s zijn echter kortdurig radioverschijnselen
van ∼milliseconden, wat in wezen een ”momentopname” is in VLBI (zonder integratie in
de tijd). Het voordeel van herhalende FRB’s is dat ze meerdere flitsen produceren, dus het
combineren van de gegevens van meerdere flitsen verbetert de lokalisatienauwkeurigheid
(vooral als ze voldoende tijd van elkaar verwijderd zijn zodat de aarde is gedraaid waardoor
de geprojecteerde configuratie van de interferometer aanzienlijk veranderd)1.
Door de extreem hoge activiteit van FRB 20201124A (§1.2.3) hebben we in totaal 18
flitsen tijdens onze VLBI-campagne gedetecteerd, in twee afzonderlijke waarnemingspe-
rioden (hoofdstuk 5). Met de volledige steekproef bepaalden we de FRB-positie tot een
nauwkeurigheid van 2.7mas (1 σ). Zo’n grote flitsverzameling bood de mogelijkheid om
de astrometrische nauwkeurigheid als functie te onderzoeken van flitshelderheid en het
aantal telescopen, terwijl detecties in verschillende periodes een onafhankelijke kalibratie
bieden om eventuele systematische kalibratie-onzekerheden op de definitieve FRB-positie te
beperken. We vinden dat voor ≥ 7 interferometer-elementen enkele flitsen kunnen worden
gelokaliseerd tot milliboogseconde precisie, en dat dit daalt tot 0.1–1 boogseconde precisie
voor 4 interferometer-elementen. Dit is veelbelovend, aangezien de nauwkeurigheid van
boogsecondelokalisatie voldoende is om het gastheerstelsel van de FRB te identificeren, ter-
wijl het verhogen tot milliboogseconde precisie de lokale omgevingseigenschappen sterk zal
afbakenen.
Met de lokalisatieprecisie van 2.7mas (Figuur 5.2) vinden we dat FRB 20201124A is in-
gebed in een stervormingsgebied (Piro et al., 2021) in een massief stervormingsstelsel met
een roodverschuiving van z= 0.0979 ± 0.0001 (Fong et al., 2021; Ravi et al., 2022). Het
is interessant om te overwegen of de hoge flitsactiviteit van FRB 20201124A (vergeleken
met andere herhalende FRB-bronnen) is gerelateerd aan de nabijheid van actieve stervorm-
ing. FRB 20121102A (§1.2.1) leeft ook binnen een stervormingsgebied (Bassa et al., 2017)
en heeft een relatief hoge flitsactiviteit (Li et al., 2021). Het opmerkelijke verschil tussen
FRB 20121102A en FRB 20201124A is dat de eerste een compacte, persistente radiotegen-
hanger heeft, terwijl we in hoofdstuk 5 laten zien dat FRB 20201124A dit niet heeft, tot een
limiet van 25µJy beam−1 (∼60 keer zwakker dan de radiotegenhanger van FRB 20121102A;
Figure 5.2). Dit werk stelt het feit verder vast dat herhalende FRB’s in een diverse groep van

1Hoewel er met een groot aantal telescopen, optimale oriëntatie en goede kalibratie, zelfs enkele flitsen kunnen
worden gelokaliseerd tot milliboogsecondenprecisie met behulp van VLBI.
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gastheerstelsels en lokale omgevingen leven, een feit dat voor het eerst werd vastgesteld
door het werk dat in hoofdstuk 6 wordt gepresenteerd.
In hoofdstuk 6 lokaliseren we FRB 20180916B nauwkeurig naar een massief (stellaire massa
1010 M⊙) Melkweg-achtig spiraalstelsel met behulp van de EVN (Figuur 6.5). Dit gastheers-
telsels benadrukt niet alleen dat de oorsprong van FRB 20121102A in het laagmetalliciteits-
dwergstelsel geen vereiste is voor een herhalende FRB-bron, maar het ontbreken van een
vergelijkbaar heldere persistente radiobron, en een relatief lage RM, laat zien dat hun
omgevingen sterk verschillen. Met behulp van de 8-m Gemini-North telescoop, bepalen we
een spectroscopische roodverschuiving van het gastheerstelsel van FRB 20180916B, z =
0.0337 ± 0.0002 (helderheidsafstand 149.0 ± 0.9Mpc), die op het moment van publiceren
verreweg de dichtstbijzijnde bekende FRB was (vergeleken met de typische ∼Gpc FRB-
afstanden). Bovendien, met behulp van Gemini-North, stellen we vast dat FRB 20180916B
aan de top van een “v-vormig” stervormingsgebied leeft2. Dit werk laat zien dat FRB’s in
een breed scala van gastheerstelsels en lokale omgevingen leven. Misschien zou dit kunnen
betekenen dat verschillende soorten astrofysische objecten FRB’s kunnen produceren, of dat
een enkele FRB-voorganger in veel verschillende omgevingen kan leven.
Hoewel hoofdstuk 6 laat zien dat niet alle herhalende FRB’s heldere persistente radio-
bronnen hebben, werd een tweede herhalende FRB, FRB 20190520B, gevonden met
een persistente radiotegenhanger, en andere opvallend vergelijkbare eigenschappen zoals
FRB 20121102A (§1.2.1; Niu et al. 2021). Dit benadrukt dat FRB 20121102A geen rode
haring is, maar dat er enkele herhalende FRB’s zijn met een persistente radiotegenhanger.
Zoals besproken in §1.2.1, is de aard van de persistente emissie nog niet begrepen, even-
min als de relatie tussen de FRB-bron en de persistente emissie. Law et al. (2022) voor-
spellen dat maar liefst 1% van de compacte radiobronnen in het lokale universum deze
FRB persistente radiobronnen zouden kunnen zijn. In hoofdstuk 7 bestuderen we een ra-
diobron, FIRST J141918.9+394036, die eigenschappen deelt met de persistente radiote-
genhanger van FRB 20121102A: specifiek het type gastheerstelsel, de nabijheid van ster-
vorming en helderheid (Ofek, 2017). Met behulp van de EVN meten we dat de radio-
bron 1.6 ± 0.3 pc in omvang is (Figuur 7.2), wat een uitzettingssnelheid impliceert van
(0.10±0.02)c, uitgaande van een explosiedatum in 1993 (vanaf de eerste gerapporteerde de-
tectie van FIRST J141918.9+394036; Law et al. 2018b). De langzaam afvallende aard van
de radiobron, de licht relativistische expansie en het ontbreken van gedetecteerde radioflit-
sen in observaties met hoge tijdresolutie (met zowel de 100-m Effelsberg radiotelescoop en
de 110-m Green Bank Telescope) ondersteunt de hypothese dat FIRST J141918.9+394036
jetexpansie van een lange gammaflits betreft, en het concurrerendemodel van eenmagnetar
windnevel is moeilijk te verklaren. Toch is er bewijs voor het ontstaan van een magnetar in
sommige lange gammaflitsen (Stratta et al., 2018), dus misschien kunnen radioflitsen wor-
den gedetecteerd van FIRST J141918.9+394036 met voldoende extra en gevoelige waarne-
mingen. Het gedrag van de langlevende radiostraling (toenemend in omvang, en afvallend

2Door het scheidend vermogen te verbeteren tijdens opvolgende optische observaties met behulp van deHubble Space
Telescope, hebben Tendulkar et al. (2021) laten zien dat FRB 20180916B ∼ 250 pc verschoven is ten opzichte van
de piek van een nabijgelegen stervormingsknoop (Figuur 1.7).
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in helderheid), wijst echter op een fundamenteel andere oorsprong dan de FRB persistente
radio-emissie (Plavin et al., 2022).
In dit proefschrift laten we zien dat FRB’s in verschillende “vormen en maten” in hun tijd-
schalen, helderheid en lokale omgevingen voorkomen. Met deze diversiteit moet rekening
worden gehouden voor de oorsprong- en emissiemodellen van snelle kortdurige radiover-
schijnselen.
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