
Comprehensive analysis of the Apertif fast radio burst sample: Similarities
with young energetic neutron stars

Downloaded from: https://research.chalmers.se, 2025-03-14 17:53 UTC

Citation for the original published paper (version of record):
Pastor-Marazuela, I., van Leeuwen, J., Bilous, A. et al (2025). Comprehensive analysis of the Apertif
fast radio burst sample: Similarities with young
energetic neutron stars. Astronomy and Astrophysics, 693.
http://dx.doi.org/10.1051/0004-6361/202450953

N.B. When citing this work, cite the original published paper.

research.chalmers.se offers the possibility of retrieving research publications produced at Chalmers University of Technology. It
covers all kind of research output: articles, dissertations, conference papers, reports etc. since 2004. research.chalmers.se is
administrated and maintained by Chalmers Library

(article starts on next page)



A&A, 693, A279 (2025)
https://doi.org/10.1051/0004-6361/202450953
c© The Authors 2025

Astronomy
&Astrophysics

Comprehensive analysis of the Apertif fast radio burst sample

Similarities with young energetic neutron stars

Inés Pastor-Marazuela1,2,3,?,?? , Joeri van Leeuwen1 , Anna Bilous1 , Liam Connor4,2 , Yogesh Maan5,1 ,
Leon Oostrum1,2,6 , Emily Petroff2,7 , Dany Vohl2,1 , Kelley M. Hess8,1 , Emanuela Orrù1 ,

Alessio Sclocco6 , and Yuyang Wang2

1 ASTRON, the Netherlands Institute for Radio Astronomy, Oude Hoogeveensedijk 4, 7991 PD Dwingeloo, The Netherlands
2 Anton Pannekoek Institute, University of Amsterdam, Postbus 94249, 1090 GE Amsterdam, The Netherlands
3 Jodrell Bank Centre for Astrophysics, Department of Physics and Astronomy, The University of Manchester,

Manchester M13 9PL, UK
4 Cahill Center for Astronomy, California Institute of Technology, Pasadena, CA, USA
5 National Centre for Radio Astrophysics, Tata Institute of Fundamental Research, Pune 411007, Maharashtra, India
6 Netherlands eScience Center, Science Park 402, 1098 XH Amsterdam, The Netherlands
7 Perimeter Institute for Theoretical Physics, Waterloo, ON N2L 2Y5, Canada
8 Department of Space, Earth and Environment, Chalmers University of Technology, Onsala Space Observatory,

439 92 Onsala, Sweden

Received 31 May 2024 / Accepted 30 October 2024

ABSTRACT

Understanding the origin of energetic fast radio bursts (FRBs) has become the main science driver of recent dedicated FRB surveys
powered by real-time instrumentation. Between July 2019 and February 2022, we carried out ALERT, an FRB survey at 1370 MHz
using the Apertif Radio Transient System (ARTS) installed at the Westerbork Synthesis Radio Telescope (WSRT). Here we report
the detection of 18 new FRBs. We studied the properties of the entire 24-burst sample that were detected during the survey. For five
bursts, we identified host galaxy candidates within their error regions with >50% probability association. We observed an average
linear polarisation fraction of ∼43% and an average circular polarisation fraction consistent with 0%. One-third of the FRBs display
multiple components. These burst structures and the polarisation fractions are strikingly similar to those observed in young energetic
pulsars and magnetars. The Apertif FRBs next reveal a population of highly scattered bursts. Given the observing frequency and time
resolution, the scattering of most FRBs is likely to have been produced in the immediate circumburst environment. Furthermore, two
FRBs show evidence of high rotation measure values, which could reach |RM| > 103 rad m−2 in the source reference frames. This
corroborates that some source environments are dominated by magneto-ionic effects. Together, the scattering and rotation measures
that ALERT has found prove that a large fraction of FRBs are embedded in complex media such as star-forming regions or supernova
remnants. Through the discovery of FRB 20200719A, the third most dispersed FRB so far, we further show that one-off FRBs emit
at frequencies in excess of 6 GHz, the highest known to date. We compare this to the radio-bright high-frequency emission seen
in magnetars. Finally, we determine an FRB all-sky rate of 459+208

−155 sky−1 day−1 above a fluence limit of 4.1 Jy ms, and a fluence
cumulative distribution with a power-law index γ = −1.23 ± 0.06 ± 0.2, which is roughly consistent with the Euclidean Universe
predictions. Through the high resolution in time, frequency, polarisation, and localisation that ALERT featured, we were able to
determine the morphological complexity, polarisation, local scattering and magnetic environment, and high-frequency luminosity of
FRBs. We find all of these parameters strongly resemble those seen in young, energetic, highly magnetised neutron stars.

Key words. stars: neutron – intergalactic medium – galaxies: ISM

1. Introduction

The field of fast radio bursts (FRBs), which are extragalac-
tic radio flashes of a millisecond duration with extreme lumi-
nosities (>1046 erg s−1; Lorimer et al. 2007; Petroff et al. 2019;
Cordes & Chatterjee 2019; Ryder et al. 2023), has been rapidly
evolving in recent years. The number of published FRBs
is now in the hundreds (Petroff et al. 2022), more than 40
have been localised to their host galaxies1, and about 50 are
known to repeat (CHIME/FRB Collaboration 2023). Although

? Rubicon Fellow.
?? Corresponding author; ines.pastor.marazuela@gmail.com

1 FRB Hosts Catalog: https://www.frb-hosts.org/

these discoveries have not yet fully revealed the origin of
FRBs, the detection of a bright radio burst from the Galactic
magnetar SGR 1935+2154 demonstrated that at least some
FRBs may be produced by magnetars (Bochenek et al. 2020;
CHIME/FRB Collaboration 2020), although a repeating FRB
also exists in a globular cluster (Kirsten et al. 2022). These
findings were made possible thanks to the increased num-
ber of observations and surveys dedicated to searching for
FRBs in recent years, enabled by real-time search hardware
and algorithms (see e.g. Rajwade & van Leeuwen 2024, for
a review).

The current published sample of both repeating and seem-
ingly one-off FRBs is dominated by sources discovered in the
CHIME/FRB project, which searches in the 400–800 MHz band
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(CHIME/FRB Collaboration 2021). Given the large sample size,
population studies have been possible with the CHIME/FRB
data to look at properties such as the bulk burst morphology
of a large FRB sample. In studies of this sample, Pleunis et al.
(2021a) find four burst archetypes: single-component FRBs,
classified as either narrow or broadband; multi-component
bursts, where each component spans a similar frequency extent;
or multi-component bursts with a ‘sad-trombone-like’ down-
ward drifting structure. A population study of burst properties
in the first CHIME/FRB Catalog by Chawla et al. (2022) also
reports the overabundance of scattering detected in this sam-
ple. Additionally, injections performed for the catalogue analysis
confirm that CHIME/FRB detections are biased against highly
scattered events, hinting at the presence of a wider FRB popu-
lation with large scattering timescales to which CHIME/FRB is
less sensitive (CHIME/FRB Collaboration 2021).

Several observed properties of FRBs, including dispersion
measure (DM), scattering, scintillation, and polarisation, are
highly frequency dependent. While the CHIME/FRB sample is
by far the largest, studies at higher (and lower) radio frequen-
cies are essential to probe the full extent of the FRB popula-
tion across all parameters, including DM and scattering. One-
off FRBs discovered at frequencies of ∼1 GHz by the Mur-
riyang Telescope at the Parkes Observatory and the Australian
Square Kilometre Array Pathfinder (ASKAP) also show evi-
dence of scatter broadening and multiple components (Day et al.
2020; Champion et al. 2016; Qiu et al. 2020), some of which
might be beyond the width detection threshold at CHIME/FRB
frequencies.

The best-studied FRBs by far have been the small
but productive sample of repeating FRB sources. Both
the low-frequency (110 MHz; Pastor-Marazuela et al. 2021;
Pleunis et al. 2021b) and high-frequency (8 GHz; Gajjar et al.
2018) detections of FRBs have been made through targeted
observations of known prolific repeaters. Comparing activity of
the repeating FRB 20180916B at 150 MHz and 1.4 GHz simul-
taneously has shown frequency-dependent activity of this par-
ticular source (Pastor-Marazuela et al. 2021). For one-off FRBs,
direct comparisons of behaviour at high and low frequencies is
not yet possible. This means that assembling large samples of
one-off FRBs at different radio frequencies may prove the most
fruitful in uncovering frequency-dependent properties. Compar-
ing the observed distributions of DM, scattering, flux, fluence,
and scintillation of FRB samples from different instruments will
provide insight into the underlying FRB population distribu-
tion, either directly or after correcting for the survey selection
effects, as in Gardenier & van Leeuwen (2021), among others,
as well as the properties of the burst environment and host
galaxy.

In this paper we present the sample of 24 one-off FRBs
discovered with the Apertif system on the Westerbork Syn-
thesis Radio Telescope (WSRT), during the Apertif-LOFAR
Exploration of the Radio Transient sky survey (ALERT;
van Leeuwen et al. 2023). Its high spectro-temporal resolution
search has yielded a self-contained sample of FRBs for which
we report DM, burst morphology, frequency structure, scat-
tering, scintillation, and polarisation. In Sect. 2 we present
the observing strategy for Apertif, while Sect. 3 presents the
data release. In Sect. 4 we present the data analysis method
of the detected bursts. In Sect. 5 we present the detected
FRB sample, the burst properties and the results of popula-
tion analysis across DM, propagation effects, morphology, and
polarisation. We discuss further in Sect. 6 and conclude in
Sect. 7.

2. Observations

The APERture Tile in Focus (Apertif), is a front-end instru-
ment installed at the Westerbork Synthesis Radio Telescope
(WSRT), in twelve of the fourteen 25 m dishes of the interfer-
ometer (van Cappellen et al. 2022), located in the Netherlands.
Apertif consists of phased array feeds (PAFs), with each dish
forming 40 compound beams (CBs) on the sky and thus increas-
ing the original field of view (FoV) of the WSRT to 8.2 deg2

(Adams & van Leeuwen 2019). Apertif has carried out an imag-
ing and a time domain survey between July 2019 and Febru-
ary 2022. The Apertif Radio Transient System (ARTS) was
designed to carry out the time domain survey, as described in
van Leeuwen et al. (2023). The system for commensally observ-
ing in imaging and time-domain mode was not yet operational
in the period presented here. The ARTS observations were thus
carried out separately from the imaging observations. The CBs
from each dish are coherently beamformed into 12 tied-array
beams (TABs; see Maan & van Leeuwen 2017), and these are
next recombined in frequency to form 71 synthesised beams
(SBs) per compound beam (van Leeuwen et al. 2023). The SBs
of all CBs generate a total of 2840 Stokes I, Q, U, and V
data-streams at a central frequency of 1370 MHz and a band-
width of 300 MHz, with a time and frequency resolution of
81.92 µs and 195 kHz respectively. The Stokes I data-streams
are then searched for single pulses with the software AMBER2

(Sclocco et al. 2014, 2016, 2019). The data post-processing
is implemented with the Data Analysis of Real-time Candi-
dates from the Apertif Radio Transient System (DARC ARTS3;
Oostrum 2020), and includes real-time candidate classification
through a neural network that is public (Connor & van Leeuwen
2018, 2024). The single pulse searches and data post-processing
are run on a 40-node graphics processing unit (GPU) cluster at
the WSRT. The observations were scheduled with apersched
(Hess et al. 2022).

ARTS has proven its FRB searching capabilities at
high time and frequency resolution through the follow-
up and detection of known repeating FRBs (Oostrum et al.
2020; Pastor-Marazuela et al. 2021), as well as through
the discovery of new one-off FRBs (Connor et al. 2020;
Pastor-Marazuela et al. 2023; van Leeuwen et al. 2023). Here,
we present the discovery of a new population of, as of yet, one-
off FRBs that have been detected in the ALERT time domain
survey.

The priority source list and thus pointing definition
evolved during the ALERT survey, in order to adapt
to the rapidly evolving FRB discoveries (Bailes 2022).
While only two repeating sources were known at the
beginning of the survey in July 2019 (Spitler et al. 2016;
CHIME/FRB Collaboration 2019a), several new repeaters
were reported soon after (CHIME/FRB Collaboration 2019b;
Fonseca et al. 2020). Simultaneously, the number of Apertif
detections was increasing. From 2020 onward, the observing
shifted away from fields with no known FRBs in order to pri-
oritise the follow up of repeaters and Apertif-discovered FRBs.
Given the isotropic sky distribution of FRBs (Bhandari et al.
2018), one-off FRBs should be detected blindly at the same rate
in pointings with and without known FRBs.

Figure 1 shows the exposure time per sky region in equato-
rial coordinates and the location of the newly discovered FRBs,
while Fig. 2 shows the fraction of time spent on survey point-
ings, repeating FRBs, one-off FRBs, new FRBs discovered with
2 AMBER: https://github.com/TRASAL/AMBER
3 DARC: https://github.com/TRASAL/darc
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Fig. 1. Exposure time per sky area in equatorial coordinates. The dark blue regions correspond to longer exposure times, and the white regions
have not been observed. The positions of the detected FRBs are marked by magenta stars. The Galactic plane is indicated by the black line.

Apertif, pulsars and calibration observations. During the 2019
observations, ∼70% of the time was spent on the Apertif sur-
vey pointings, while the remaining ∼30% was divided between
follow up of known and newly discovered one-off FRBs and
calibration observations. The evolution in pointing strategy in
2020 and 2021 to prioritise the follow up of known repeaters
and newly discovered Apertif FRBs is reflected in Fig. 2, where
the changes implemented around Jan 1 of each calendar year are
visible. Roughly 60% of the time was dedicated to repeater fol-
low up, 20% to the follow up of Apertif FRBs and the remaining
20% in survey pointings and calibration observations.

3. Data release

The observations described above were archived in the
down-sampled, Stokes-I, PSRFITS format described in
van Leeuwen et al. (2023), which are now public. The 2019
data was released before, as Apertif Time-Domain Data Release
1, together with van Leeuwen et al. (2023). Accompanying
the current paper we make public also the 2020–2022 data.
Together, the 2019–2022 data comprise Apertif Time-Domain
Data Release 2, containing 1666 multi-hour pointings that form
the whole Apertif Time-Domain legacy data set, since Apertif
observations ended in 2022. This complete set occupies a data
volume of 0.8 PB and is accessible at ASTRON, through the
Data Explorer4, the Virtual Observatory (VO) Interface5 and the
Apertif Long Term Archive (ALTA)6. The release includes the
subset of pointings with FRB detections7, which can be directly

4 https://science.astron.nl/sdc/astron-data-explorer/
data-releases/; “Apertif Time-Domain DR2”.
5 https://vo.astron.nl/; “Apertif Time Domain FRB search
(DR2)”.
6 https://alta.astron.nl/science/dataproducts/release_
release_id=APERTIF_DR2_TimeDomain
7 https://hdl.handle.net/21.12136/383f3c18-9c2c-495e-
9d4c-d3b4192a5b7d
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Fig. 2. Evolution of the target class fractions with time. Blue represents
fields without known FRBs; orange represents fields with known repeat-
ing FRBs; green revisits Apertif-discovered FRBs, and yellow repre-
sents observations targeting one-off FRBs discovered by other instru-
ments.

downloaded; and the set of all pointings8, which require staging
from tape by the ASTRON help desk.

4. Data analysis

In this section we detail the post-processing data analy-
sis performed on the bursts that resulted from the AMBER
and DARC searches and candidate selection (as described in
van Leeuwen et al. 2023). Here we describe the methods to
determine the burst properties, including dispersion measure,
scattering, scintillation, flux calibration, morphology, frequency
structure, polarisation, and localisation. The results of these

8 https://hdl.handle.net/21.12136/03a6775b-e768-4212-
bd06-027267d21c0a
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analyses are presented in Sect. 5. Although for some discover-
ies the analysis and the results are intertwined to some extent,
separating the analysis into its own section makes it easier to
reference later when discussing the results.

4.1. Dispersion measure and redshift estimation

Each FRB candidate detected by the AMBER pipeline has an
associated DM that maximises the signal-to-noise ratio (S/N)
at the given downsampling factor. Some of the detected FRBs
present multiple components, and we thus used an algorithm
based on Hessels et al. (2019)9, which was already put to the test
in Pastor-Marazuela et al. (2021) and Bilous et al. (2024), to find
the DM maximising the structure of the burst. For faint and/or
scattered bursts with no signs of multi-component structure, we
used pdmp10 instead, since it maximises S/N and in these cases
this method is more robust at determining the correct DM. The
measured DMs of all FRBs presented in this paper are given in
the attached table.

In order to determine the redshift upper limit for each
FRB, we first estimate the extragalactic DM (DMEG) from the
observed DMobs. We predict the Milky Way (MW) contribution
to the DM (DMMW) from the NE2001 (Cordes & Lazio 2003)
and YMW16 (Yao et al. 2017) Galactic electron density mod-
els, and take the average of the two. Since the Galactic halo
can also significantly contribute to the DM, we adopt the model
from Yamasaki & Totani (2020) to compute the MW halo DM
(DMhalo) in the direction of each FRB. The extragalactic DM
will thus be DMEG = DMobs − DMMW − DMhalo. Next we apply
the DM–z relation from Macquart et al. (2020) assuming the cos-
mological parameters from Planck Collaboration VI (2020) to
obtain the mean redshift and 95% errors. For this, we use the
Python package FRB11. We assume a host galaxy contribution to
the DM of 100 pc cm−3. The measured DMs and estimated red-
shifts of our FRB sample are detailed in Sect. 6.1.4.

4.2. Flux calibration

To perform the flux calibration of all FRBs, we scheduled drift
scan observations of the bright calibrator sources 3C147, 3C286,
and/or 3C48 at the beginning and the end of each observing run.
As the flux densities of these sources are known (Perley & Butler
2017), they can be used as calibrators to obtain the system-
equivalent flux density (SEFD). For each FRB, we used the drift
scan taken during the same observing run that was the least
affected by radio frequency interference (RFI). To convert the
pulse profile into flux units, we applied the radiometer equation
using the obtained SEFD. We define the peak flux as the maxi-
mum flux value at the instrument time resolution (0.08192 ms),
and it is thus a lower limit. Finally we integrated over a time
window covering the whole burst duration to obtain the FRB
fluences in units of Jy ms. Based on the measured stability of
the system, we assume 20% errors on the fluence. The resulting
fluxes and fluences are given in the CDS Table and detailed in
Sect. 6.4.

4.3. Localisation and host candidate identification

To determine the localisation of the detected FRBs, we imple-
ment the localisation method described in Oostrum (2020) and

9 DM_phase: https://github.com/danielemichilli/DM_phase
10 pdmp: http://psrchive.sourceforge.net/manuals/pdmp/
11 FRB: https://github.com/FRBs/FRB/tree/main

van Leeuwen et al. (2023). The method consists of creating a
model of the telescope response in sky coordinates and compar-
ing it to the observed response pattern as follows: first, a model
of the Compound Beams (CBs) is created based on drift-scan
data. From this we construct the TABs and SBs, consequently
obtaining a model of the SB sensitivity in Right Ascension (RA)
and Declination (Dec). To localise a burst, we next compare its
S/N per SB detection pattern against the predicted SB model. We
define the best position of each burst as the resulting 99% con-
fidence regions, which have narrow elliptical shapes since the
WSRT is an East-West array. The size of the confidence region
shrinks with both higher detection S/N and with a larger num-
ber of CBs in which the burst was detected. The orientation of
the ellipse depends on the hour angle of the detection, due to the
Earth rotation.

The localisation regions of all detected FRBs were cov-
ered by the Pan-STARRS112 survey (Chambers et al. 2019),
thus giving us access to deep images and a source cata-
logue with a median photometric depth of 23.2 in the g-
band. The project Pan-STARRS1 Source Types and Redshifts
with Machine Learning13 (PS1-STRM, Beck et al. 2021) pro-
vides source classifications and photometric redshifts for all
the sources contained in the Pan-STARRS1 3π DR1, computed
through a neural network. Hence, for each FRB, we searched for
all the PS1-STRM sources classified as ‘galaxies’, ‘quasi-stellar
objects’ (QSOs), or ‘unsure’ contained within or near the locali-
sation region, and within the expected redshift limits. When the
number of known galaxies within an FRB error region was ≤5,
we performed a Probabilistic Association of Transients to their
Hosts (PATH) analysis (Aggarwal et al. 2021), to determine the
probability of the FRB being associated to each host galaxy can-
didate.

In most cases, the total FRB error region is of order
5 arcmin2, which is too large to unambiguously identify a unique
FRB host galaxy candidate (see, e.g. Eftekhari & Berger 2017).
Additionally, although some FRB error regions might contain
more than one known host galaxy candidate, there are prob-
ably more that are too faint to be detected. FRBs have been
localised to galaxies of different types spanning a broad range
of masses (Bhandari et al. 2022; Gordon et al. 2023), from the
dwarf galaxy hosts of FRB 20121102A (Chatterjee et al. 2017)
and FRB 20190520B (Niu et al. 2022), to massive galaxies
reaching close to 1011 M� in the case of FRB 20200120E, which
has been localised to a globular cluster of M81 (Bhardwaj et al.
2021; Kirsten et al. 2022). Following Petroff et al. (2018) and
van Leeuwen et al. (2023), we estimate the expected number of
galaxies within the comoving volume determined by the error
region and the redshift upper limit of each burst. We adopt a
dwarf galaxy number density of n = (0.02−0.06) Mpc−3 for
galaxy masses 4 × 107 M� < Mstellar < 1010 M� (Baldry et al.
2012; Haynes et al. 2011), and a massive galaxy number den-
sity of n = (1.5−2.0) × 10−3 Mpc−3 for galaxy masses Mstellar >
1011 M� (Faber et al. 2007). The expected number of galaxies
within the comoving volume Vco is simply Ngal = nVco. The
results of this analysis are given in Sect. 5.2.

4.4. Burst morphologies

We characterise the morphology of all FRBs by fitting their
dedispersed pulse profiles to a single- or multi-component model

12 Pan-STARRS1: https://outerspace.stsci.edu/display/
PANSTARRS
13 PS1-STRM: https://archive.stsci.edu/hlsp/ps1-strm
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through minimisation of residuals. A human expert determines
the number of components, guided in edge cases by the Bayesian
information criterion (BIC) values for the fits. Each burst is fit-
ted to a single- or multi-component Gaussian model given by
Eq. (1), with and without a convolution with an exponential
decay given by Eq. (2) to represent scattering, thus assuming
the scattering timescale to be the same for all components. After
fitting the scattered and unscattered models, the model with the
lowest BIC is selected, with BICg for the Gaussian, unscattered
model, and BICsc for the scattered model. The resulting expres-
sion for the fitted pulse profile I(t) is given by Eq. (3):

Gi(t) = Ai exp
− (t − ti)2

2σ2
i

 , (1)

F(t) =

{
e−t/τsc , if t ≥ 0
0, otherwise

, (2)

I(t) =

{∑n
i=0 Gi(t), if BICsc > BICg

F(t′) ~
∑n

i=0 Gi(t′), otherwise
. (3)

Scattering is not the only explanation for the exponential
broadening of the burst; intra-channel dispersive smearing is
an instrumental effect that can also produce such broadening.
While scattering is roughly proportional to ν−4, intra-channel
smearing is proportional to ν−3, and it becomes significant
when the burst width is not resolved at the time-frequency
resolution of the instrument. For each burst, we compute the
expected intra-channel smearing ∆tDM with the following equa-
tion (Petroff et al. 2019, Sect. 4.1.2):

∆tDM = 8.3 × 106 DM ∆νch ν
−3 ms. (4)

Here ∆νch is the frequency resolution, and ν is the observing
frequency, both in MHz. For Apertif, we have ∆νch = 0.195 MHz
and ν = 1370 MHz. For FRBs where BICsc < BICg, we compare
the resulting scattering timescale to the expected intra-channel
smearing. If we find that τsc < ∆tDM, we consider that the burst
scattering is not resolved.

For bursts where we determine the exponential broadening to
be produced by scattering, we compute the frequency-dependent
exponential broadening of the form τsc ∝ ν

−α, in order to get the
dependence on frequency and determine the scattering index α
when possible. To do this, we use scatfit14 (Jankowski 2022).
We divide the full bandwidth into several subbands so that the
signal in at least two subbands has S/N> 3.5, ideally four or five.
We specify the subband number for the scattering analysis of
each FRB in Sect. 5.

We define the width of each burst component as the
full width at tenth maximum (FWTM) of the fitted Gaus-
sian for consistency with the First CHIME/FRB Catalog
(CHIME/FRB Collaboration 2021), plus a factor τsc ln 10 to take
into account the scatter broadening. The total width of the burst
is defined as follows in the general case of a multi-component
burst:

W(ms) = t f − t0 + (FWTM0 + FWTM f )/2 + τsc ln 10. (5)

Here t0 and t f are respectively the arrival time of the first and
last subcomponents of the burst, and FWTM0 and FWTM f the
full width at tenth maximum of the first and last components,
respectively. In this way, the total burst width includes all of its
subcomponents. For a single-component burst and the indepen-
dent burst subcomponents, the total width is defined as

W(ms) = FWTM + τsc ln 10. (6)
14 scatfit: https://github.com/fjankowsk/scatfit

If the scattering timescale of the FRB is unresolved, the term
depending on τsc in Eqs. (5) and (6) equals zero. Sect. 6.2 details
the results of this analysis.

4.5. Frequency structure

The frequency structure of the detected FRBs provides informa-
tion about the intrinsic burst spectrum and bandwidth, as well
as phase modulations that could be intrinsic or produced by the
propagation of the radio waves through the turbulent interstel-
lar medium (ISM), known as scintillation. We obtain the FRB
spectra S (ν) by averaging their frequency structure over the total
burst durationW defined in Sect. 4.4. In the case of bursts with a
frequency extent narrower than the observing bandwidth, we fit
the averaged spectrum to a Gaussian and a power-law, and select
the function with the lowest BIC. In the case of a Gaussian fit, we
define the burst peak frequency and the burst bandwidth respec-
tively as the centre and the FWTM of the fitted Gaussian. For the
power-law spectral fits, we derive the resulting spectral index, Γ.
When Γ is positive, the burst is brighter at the top of the band
than at the bottom. The index we report is corrected for the fact
that the primary-beam gain steadily increases from the bottom
to the top of the band (van Cappellen et al. 2022), which would
otherwise lead to an overestimation of Γ by ∼1.

To determine the scintillation bandwidth, we compute the
auto-correlation function (ACF) of all burst spectra, remov-
ing the zero-lag frequency value, and fit the central peak to a
Lorentzian. We define the scintillation bandwidth ∆νsc as the half
width at half maximum (HWHM) of the fitted Lorentzian. The
ACF is defined as (see Section 4.2.2 from Lorimer & Kramer
2004, and references therein)

ACF(∆ν) =

∑
ν

(S (ν))(S (ν + ∆ν))√∑
ν

(S (ν))2
∑
ν

(S (ν + ∆ν))2

, (7)

where S (ν) is the burst averaged spectrum at frequency ν and
∆ν the frequency lag. In the case of multi-component bursts, we
assume the scintillation to be the same for all subcomponents,
since the subcomponent separation is small compared to the typ-
ical scintillation timescales of a few minutes observed in Galac-
tic pulsars (Narayan 1992; Bhat et al. 1998), and observed dif-
ferences in frequency structure do not appear to change between
subcomponents, as might be the case from an intrinsic structure.
The scintillation analysis results are summarised in Sect. 6.1.5.

For every FRB that is detected away from boresight, the
spectrum we analyse is provided by an SB that is composed from
the bands of several TABs (cf. Sect. 2). The number of combined
TABs ranges from 0 (the central SB) to 8 (an outer SB). These
TABs overlap but have some roll-off (see van Leeuwen et al.
2023). Variations in S/N with frequency of order 10% may be
introduced throughout the band, between the edge and peak of
each subsequent TABs.

4.6. Polarisation

For any ALERT observation, the Stokes I data, or total inten-
sity, are always saved as filterbank files. However, the Stokes
Q, U, and V data are only saved if AMBER identifies a candi-
date with S/N> 10, a duration <10 ms, and a DM greater than
1.2 times the predicted Milky Way contribution in the direction
of the FRB according to the YMW16 electron density model
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(Yao et al. 2017). Such a detection triggers data dumps of the
four Stokes parameters (see van Leeuwen et al. 2023).

The Stokes parameters allow us to carry out polarisation
analyses, and thus are a powerful tool for understanding the
properties intrinsic to the FRBs and the environment where they
live. This includes estimating the Faraday rotation measure (RM,
rad m−2), the linear (L =

√
Q2 + U2) and circular (V) polari-

sation intensities, and studying the polarisation position angle
(PPA, ψ) evolution.

Once we obtain the observed source RM (RMobs) using
the analysis detailed in Data availability, we compare
this to the expected MW contribution in the direction of
each burst (RMMW) using the Faraday rotation map from
Hutschenreuter et al. (2022). We then convert the resulting RM
to the FRB redshift expected from the Macquart relation (z):

RMhost = (RMobs − RMMW) × (1 + z)2. (8)

The Stokes data must be calibrated for leakage between
the different Stokes parameters before applying any polarisa-
tion analysis. It has been shown that although at the Apertif
beam centres the fractional leakage between Stokes I/Q and
U/V is low (∼0.001), at the edge beams it can be up to 0.1
(van Cappellen et al. 2022). The calibration is performed using
a linearly polarised calibrator (we used 3C286 or 3C138), and
an unpolarised calibrator (3C147). A phase difference between
the x and y complex gains will result in leakage between V
and U, and this phase can be solved with a source with linear
but no circular polarisation. On the other hand, an unpolarised
source will determine the gain amplitude difference between
the x and y feeds, and thus the leakage of I into Q. We only
started adding the unpolarised source to the calibration observa-
tions from April 2020, so all FRBs from earlier dates have no
I/Q leakage correction. After any new FRB detection, schedul-
ing constraints permitting, we carried out observations on and
off the linearly polarised and unpolarised calibrators. The cali-
brators were placed at the centre of the CBs where the FRB had
been discovered. This centre corresponds to SB 35, though the
FRBs were often detected in different SBs. We thus made the
assumption that there is a negligible leakage difference between
the central and surrounding SBs.

Upon detailed analysis and calibration of the Stokes data,
after the survey completion, we concluded that this assumption
did not always hold true. In some cases, after calibrating the
U/V leakage, a residual V signal oscillating with frequency at
the same rate as Q was still observed, which is not consistent
with expected physical phenomena (e.g. Faraday conversion is
expected to be much smaller than Faraday rotation at our observ-
ing frequencies, Gruzinov & Levin 2019). In those cases, we
applied a technique in which we identified a frequency depen-
dent phase minimising the V oscillations, and rotated Stokes
U/V by the resulting phase. To test this technique, we applied it
to FRB 20191108A (Connor et al. 2020), which was detected in
SB 37 but calibrated with the linearly polarised calibrator 3C286
observed in SB 35. Using this technique to minimise the circular
polarisation, we find a linear polarisation fraction L = 86 ± 2%,
higher than the original 50%, and a circular polarisation frac-
tion consistent with 0 (V = 5 ± 7%), stricter than the origi-
nally reported limit of .13%. The rotation measure computed
through RM synthesis is +473.1 ± 2.2 rad m−2, consistent with
the +474 ± 3 rad m−2 obtained through a least square fit of the
position angle as a function of λ2 in Connor et al. (2020). In this
way we validated the technique that we subsequently applied to
several FRBs.

5. Results

Between July 2019 and February 2022, a total of 24
new FRBs were discovered within the ALERT survey. This
includes FRB 20190709A, FRB 20190926B, FRB20191020B,
FRB 20191108A, FRB 20191109A, and FRB 20201020A that
were reported in previous publications (van Leeuwen et al.
2023; Connor et al. 2020; Pastor-Marazuela et al. 2023). The
dynamic spectra and fitted pulse profiles of all 24 FRBs are
presented in Fig. 3. All FRBs were followed up with Aper-
tif observations for 30 h up to 450 h, but none were seen to
repeat. The bursts display different morphologies, including
broadband and narrowband single components, and a high frac-
tion of bursts with multiple components peaking at the same fre-
quency. These morphologies are typical of the one-off FRBs in
the First CHIME/FRB Catalog (Pleunis et al. 2021a); the lack
of observed repetitions thus reinforces this apparent relation
between morphology and repetition. Additionally, the bursts dis-
play a broad range of propagation properties that we discuss
below. In this section we first describe in detail the properties
of some of the FRBs in our sample with remarkable features
(Sect. 5.1), and next the properties of the FRB ensemble from
Sect. 5.2 onwards. We discuss these results in Sect. 6.

5.1. FRBs of special interest

This section first describes the most interesting FRBs in our sam-
ple individually, ordered by detection date. Group of FRBs with
similar features are presented together next.

5.1.1. FRB 20200210A

This FRB (Fig. 4) presents a rare set of properties. It dis-
plays both temporal broadening from multi-path propagation,
with τsc = 12.6 ± 0.3 ms, as well as a scintillation pattern
with ∆νsc = 1.6 ± 0.1 MHz, both measured at 1370 MHz,
which indicates the burst has travelled through two distinct scat-
tering screens. Furthermore, it is a narrowband burst, with a
bandwidth of ∼170 MHz. The scattering timescale is uncom-
monly large for its DM of 439.7 pc cm−3. Such a large scatter-
ing timescale at 1370 MHz is unlikely to be dominated by the
Intergalactic Medium (IGM, Zhu et al. 2018). The scintillation
bandwidth falls within the expected ranges from the YMW16
(Yao et al. 2017) and NE2001 (Cordes & Lazio 2003) electron
density models for the FRB galactic coordinates (l ∼ 76◦,
b ∼ +19◦); the scattering screen producing scintillation is thus
likely to be located in the Milky Way.

Scintillation can only occur when the scattering diame-
ter by the first scattering screen is unresolved by the second,
and this permits us to put constraints on the distance between
the FRB and the first scattering screen (Masui et al. 2015;
Cordes & Chatterjee 2019). Cordes & Chatterjee (2019) deter-
mine the source size requirements for scattering and scintillation
to be present at the same frequency band:

τXτG <
1

(2πν)2

d2
so

LXLG
' (0.16 ms)2

(
d2

so

ν2LXLG

)
, (9)

where τX and τG are respectively the extragalactic and Galac-
tic scattering timescales in ms, ν is the observing frequency in
GHz, dso the angular diameter distance from source to observer
in Gpc, and LX and LG the distances of the lenses to the source
and the observer respectively, in kpc. We want to determine the
distance upper limit between the source and the first scattering
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Fig. 3. Dynamic spectra of all FRBs detected with Apertif. Top panels: Averaged pulse profile in black, and fitted profile in teal. Each top left
corner contains the name from the TNS, and the applied DM in pc cm−3. Bottom panels: Dynamic spectrum, rebinned in time and frequency to
optimise burst visibility.
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Fig. 4. Dynamic spectrum of FRB 20200210A. We re-use the conven-
tions of Fig. 3, but the fit lines are now grey. The vertical, dashed lines
in the top panel indicate the burst section from which the spectrum is
extracted. This spectrum and its Gaussian fit are shown in the bottom
right. We ascribe the large intensity fluctuations to scintillation in the
Milky Way.

screen it encounters, LX . Scintillation bandwidths can be con-
verted to scattering timescales as

τsc = C1/2π∆νsc, (10)

where C1 is a constant with a value close to unity that depends
on the medium scattering properties, and we assume C1 = 1 for
a thin scattering screen (Eq. (8) from Cordes & Rickett 1998;
Lorimer & Kramer 2004, Section 4.2.3).

In the case of FRB 20200210A at a frequency ν = 1.37 GHz,
we have the extragalactic scattering timescale τX = 12.6±0.3 ms,
and the Galactic scintillation bandwidth ∆νsc = 1.6 ± 0.1 MHz,
which yields τG = 0.1 µs. Given the Galactic latitude of the FRB,
the scintillation is likely produced in the Milky Way thick disk,
at LG ∼ 1 kpc (Ocker et al. 2022a). From the extragalactic DM
of the FRB alone, we estimate a redshift of zMacquart = 0.36, and
thus an angular diameter distance upper limit of dso = 1.09 Gpc.
By using these values in Eq. (9), we find an upper limit on the
distance between the FRB and the scattering screen at its host
galaxy of LX . 12 kpc. However, the presence of scattering
allows us to use a joint scattering-dispersion redshift estimator.
We do this by applying the method described in Cordes et al.
(2022), and assume a lognormal probability density function
(PDF) for the scattering parameter φτ ≡ F̃G. We find the esti-
mated median redshift to be z = 0.11, which corresponds to
an angular diameter distance of dso = 0.43 Gpc. With this new
redshift constraint, we find the distance upper limit between the
FRB and its scattering screen to be just ∼2 kpc. This is fully con-
sistent with scattering in the host galaxy, even for a dwarf host,
though it is not constraining enough to determine if the scatter-
ing originated in the circumburst environment. Although such
a large scattering timescale could in theory be produced by an
intervening galaxy halo (Zhu et al. 2018), the close distance to
the scattering screen we determined rules this out.

The high S/N of this FRB allowed us to subdivide the burst
into several frequency subbands to perform a fit of the scattering
index (see Fig. C.1 in for further details). We determined a robust
measurement of the scattering index, α = 13.8±0.9. This scatter-
ing index is anomalous when compared to the pulsar population,
and it will be further discussed in Sect. 6.1.3. In the top panel of
Fig. C.1, we note that the two lower frequency subbands display
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Fig. 5. Localisation region (pink contour) of FRB 20200210A. The
three galaxies within 7′′ of the error region are marked with circles,
coloured ranging from bluer (lower redshift) to redder (higher redshift),
with the galaxy ID (as in Table A.1). The background image is from
Pan-STARRS DR1. The panels on the right are zoomed-in images of
these three galaxies, with 12 ′′ FoV; the border colour matches the cir-
cles in the main panel. The galaxy IDs and photometric redshifts are
indicated at the top.

wider fitted Gaussian components. This could indicate the pres-
ence of a second component at those frequencies, unresolved due
to scattering. However, it is unclear how such component would
affect the measured scattering index, since it will depend on
its relative amplitude and frequency extent (Oswald et al. 2021).
Even when removing those two subbands from the fit, we obtain
a similar α.

We localised this FRB to an error region of 0.78 arcmin2,
centred at the coordinates 18:53:59.4 +46:18:57.4 in RA (hms)
and Dec (dms). As detailed in Sect. 4.3, we next compare this
area to Pan-STARRS1, down to magnitude 23.2. We find one
galaxy, G2, contained within the error region, at a photomet-
ric redshift of 0.40. This is close to the upper limit set by the
Macquart relation assuming DMhost = 100 pc cm−3, zMacquart =

0.36+0.10
−0.22, but much higher than expected from the scattering.

However, there are two additional galaxies within 7′′ of the error
region and the zMacquart upper limit. G3 is located 1′′ from the
error region and has zphot ∼ 0.46, while G1 is 7′′ away from the
error region and has zphot ∼ 0.11. The latter has a Kron radius
(Kron 1980) of 6.1′′, placing it very close to the FRB localisa-
tion region. Since we have performed no astrometric corrections,
the galaxy could well be inside the FRB error region. After per-
forming a PATH analysis, assuming an unseen prior P(U) = 0.01
given the expected low redshift of the galaxy, we find the most
likely host to be G1, with P(G1|x) = 0.58. The host galaxy candi-
dates and PATH results are presented in Table A.1, while the FRB
localisation region and the host galaxy candidates are shown in
Fig. 5.

5.1.2. FRB 20200213A

This FRB (Fig. 6) is the most narrow-banded of the sample. It
has a bandwidth of 145 MHz, less than half of the total observing
bandwidth. Additionally, it displays a strong frequency modula-
tion, with two main patches of similar intensity and an array of
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Fig. 6. Dynamic spectrum of FRB 20200213A. The pulse profile and
the spectrum are both fitted to a Gaussian.

lower intensity patches above and below the central ones. This
resembles some of the FRBs detected in the ASKAP fly’s eye
survey (Shannon et al. 2018). The frequency modulation has a
19 MHz bandwidth, significantly larger than the 4 MHz ∆νsc pre-
dicted by the NE2001 model (YMW16 predicts 1 MHz). This
suggests that either the Galactic ISM is more uniform than pre-
dicted by the electron density models, or that the frequency
structure is intrinsic to the source. The temporal structure of the
burst presents a single component with a flat peak. Given the
DM of 1017.7 pc cm−3 and the instrument frequency resolution
of 195 kHz, the FRB width is close to the dispersion broadening
(Petroff et al. 2019). The flat peak could thus be a result of instru-
mental smearing instead of the intrinsic structure of the burst, or
be the signature of a second or even third component indistin-
guishable from the first.

The detection of this burst in SB 48 triggered the storage
of the Stokes data. Subsequently, we scheduled observations of
the linearly polarised calibrator 3C138 in SB 35. The calibrated
Stokes data is presented in Fig. B.1 (see Data availability). Since
we observe a faint indication of Q/U oscillations, we applied
the RM synthesis algorithm to the frequency channels where
the burst is bright enough; we selected a frequency extent con-
tained within the FWTM of the spectrum fitted to a Gaussian,
between 1291 and 1436 MHz. We find a resulting RM of 300.3±
2.1 rad m−2, and after Faraday de-rotating we obtain linear and
circular polarisation fractions of L = 10 ± 3% and V = 8 ± 6%
respectively. Given the S/N=18 of the burst and the relatively
low L, the RM versus total linearly polarised flux plot (Fig. B.2)
shows several peaks of comparable height to the largest one. The
RM measurement is thus ambiguous, but we will assume this
value hereafter. Given the expected MW contribution RMMW ∼

−17 rad m−2 in the direction of the FRB, the RM in the host
galaxy could be as high as RMhost = 1461+380

−576 rad m−2 for the
expected redshift range zMacquart = 1.15+0.24

−0.58. Since the polarised
fraction is low and the burst is narrowband, we advise caution
when interpreting this RM.

We localised this burst to a small area of 0.94 arcmin2. How-
ever, since the FRB could be located at a redshift as high as ∼1.4,
we identify nine galaxies in the error region as host galaxy candi-
dates. Dimmer galaxies, too faint to appear in the Pan-STARRS1
catalogue, could also exist in the area. These results are included
in the overview figure of FRB localisations and host galaxy can-
didate positions, Fig. A.1.

5.1.3. FRB 20200216A
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Fig. 7. Dynamic spectrum of FRB 20200216A. In the pulse profile (top
panel), each coloured region shows a distinct component and fitted
to a Gaussian. Their respective spectra are shown in the bottom right
panel in the same colour, and fitted to a power-law (transparent solid
lines). The two pink arrows on the pulse profile indicate the position of
the two potential subcomponents between the precursors and the main
component.

5.1.3. FRB 20200216A

This FRB consists of a bright main burst subcomponent with
two narrow precursors of about a third of the amplitude of the
main burst, as can be seen in Fig. 7. The separation between
the two precursors is ∼2.2 ms, while the main component arrives
∼3.8 ms after the second precursor. The pulse profile appears to
contain two bumps between the second precursor and the main
component, but their amplitude is too low to be identified as real
subcomponents. We carried out a timing analysis identical to
the one described in Pastor-Marazuela et al. (2023), where the
presence of a periodicity in FRB 20201020A was investigated,
including the power spectrum analysis and the study of the time
separation between subcomponents, but we find no evidence of
periodicity in this burst.

The spectrum of each of the FRB 20200216A subcompo-
nents can be well fitted by a power-law. The power-law spec-
tral indices of the first, second, and third components are respec-
tively 10.6, 7.7 and 4.6. The precursors seem to peak at higher
frequencies than the main subcomponent, reminiscent of the
downwards drifting effect typically observed in repeating FRBs
(e.g. Hessels et al. 2019). However, the main subcomponent is
brighter at the top of the band. The lack of visible emission at
the bottom of the band of the two precursors could be simply
explained by their lower amplitude, which is below the noise
level at lower frequencies. The emission of each component
is likely to peak at similar frequencies, but above the highest
observing frequency. We further applied Gaussian function fits
to the spectra, but the BIC favours a power-law model for all
components. We thus identify the morphology of this FRB as
a multi-component burst with components peaking at the same
frequency (Pleunis et al. 2021a).

Given the DM, the expected MW and halo contribution to
the DM, and assuming a host galaxy contribution of 100 pc cm−3

in the host frame, the expected redshift for this FRB is zMacquart =

0.44+0.12
−0.24. We localised it to an error region of 2.34 arcmin2
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around the coordinates 22:08:24.7 +16:35:34.6 in RA and Dec,
within which we identify one galaxy, with a photometric redshift
zphot = 0.52 ± 0.09, consistent with the expected limits, that we
label G3. We find three additional galaxies within 5′′ of the error
region, at similar redshifts of z ∼ 0.5. After running a PATH anal-
ysis, we find the brightest and nearest of the galaxies, labelled
G1, to be the most likely host, with P(G1|x) ∼ 0.42. This galaxy
is located 4′′ away from the error region, and has a photometric
redshift zphot ∼ 0.49. G3 is the second brightest and second most
likely host, with P(G3|x) ∼ 0.37. Since these posterior probabili-
ties are similar, we cannot confidently identify the host galaxy of
FRB 20200216A. The details on the host galaxy candidates and
PATH analysis are presented in Table A.1.

The detection of FRB 20200216A triggered a full-Stokes
data dump. Subsequently we scheduled on/off observations of
the linearly polarised source 3C286 to calibrate the UV leak-
age. We observe quick oscillations in the sign of Stokes Q and
U in the main component of the burst after calibration, which
we associate with Faraday rotation (see Fig. B.1). We selected
the frequency channels contained within the full width at fifth
maximum (FWFM) of a Gaussian fit to the spectrum of the main
component, which are all those above 1347 MHz, and then we
performed the RM synthesis technique on the data. We find the
best solution to be RM = −2051± 6 rad m−2, as shown in Fig. 8.
After Faraday de-rotating, we obtain linear and circular polar-
isation fractions of 38 ± 6% and 11 ± 4% respectively for the
main component. The polarisation fraction of the two fainter pre-
cursors appears to be slightly lower. Although the linear polar-
isation fraction is low and the frequency extent of the burst is
narrow, the resulting RM and ψPPA match well the phase between
Stokes Q and U. This is the second largest RM ever measured
in a one-off FRB to date (Sherman et al. 2024; Mckinven et al.
2021). The expected RMMW contribution in the direction of the
burst is −36 ± 10 rad m−2, totalling ∼−2015 rad m−2 from an
extragalactic origin. Assuming that the extragalactic RM orig-
inates from the host galaxy, this would translate to an RM of
∼−4200+1300

−800 rad m−2 in the host reference frame at zMacquart.
Three repeating FRBs with high or extreme RM values have
been associated to persistent radio sources (PRSs, Marcote et al.
2017; Niu et al. 2022; Bruni et al. 2024), and hence finding a
galaxy within the error region associated with such a radio
source might be a strong indication that the FRB was produced in
that galaxy. The field is not covered by an Apertif imaging sur-
vey (see Sect. 5.2). We searched for radio emission within the
error region of the FRB in the Rapid ASKAP Continuum Sur-
vey (RACS) Mid (Duchesne et al. 2023), but we found no radio
source associated to any of the host galaxy candidates. From
the RACS-Mid data, we set a 3σ continuum radio flux upper
limit of 0.6 mJy. This translates to a luminosity upper limit of
4.8+3.7
−4.0 × 1030 erg Hz−1 s−1. Compared to the typical luminosities

often used to define a PRS (Law et al. 2022, 1029 erg Hz−1 s−1),
this upper limit is not highly constraining. Deeper radio obser-
vations might reveal any potential continuum emission in the
future.

5.1.4. FRB 20200419A

This FRB with a low DM of 248.5 pc cm−3 consists of a sin-
gle component with a width of 0.58 ms and no measurable scat-
tering. The burst is broadband, with an intensity that fluctuates
with frequency with a decorrelation bandwidth of 7.5 MHz,
slightly higher than the expected 2.4 MHz from the NE2001
model. Upon detection of the burst, the full-Stokes data were
saved, and observations of both the linearly polarised calibrator
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Fig. 8. Measured polarisation properties of FRB 20200216A. Only fre-
quencies above 1347 MHz were used for RM synthesis since there is
not enough signal below that frequency.

3C286 and the unpolarised calibrator 3C147 were carried out.
The burst is highly polarised, with a linear polarisation fraction
of L = 77±6% and null circular polarisation fraction V = 4±6%.
All the linear polarisation is observed in Stokes Q, and thus no
RM can be measured.

We localised this FRB to an ellipse centred around
19:00:34.2 +81:43:20.5 in RA and Dec with a 1.29 arcmin2

error region. The expected redshift from the Macquart relation
is zMacquart = 0.08+0.04

−0.06, but we find no known galaxies at such
low redshift within the FRB error region. The lowest redshift
galaxy we identify has a photometric redshift z = 0.15 ± 0.03,
consistent with the expected redshift within errors, and we find
no other host galaxy candidates within 10′′ of the error region.
A PATH analysis determines that the galaxy is ∼70% likely to be
associated with the FRB. Given the low DM of the FRB and the
depth of the Pan-STARRS catalogue, we assumed a very small
unseen prior, P(U) = 0.001, since even dwarf galaxies would
be detected at such low redshift (see Table A.1 for details). The
host galaxy candidate would be a good target for optical follow-
up to determine its spectroscopic redshift. A confirmation of the
galaxy redshift might indicate a lower DM contribution from the
MW or the halo, or a host galaxy contribution <100 pc cm−3, or
a combination of both. The FRB error region and host galaxy
candidate are shown in Fig. 9.

5.1.5. FRB 20200514A

FRB 20200514A was detected with a DM of 1406.2 pc cm−3 as
a single-component burst with a total width of 2.2 ms. Although
the burst is broadband, it becomes brighter at the top of the
band. Its detection triggered the dump of the Stokes data, and
after calibration with the linearly polarised 3C286 and the unpo-
larised 3C147, we observe rapid oscillations of Q and U with
frequency (see Fig. B.1). After applying RM synthesis, we
obtain an RM = 966.1 ± 20.5 rad m−2, although the FDF shows
significant secondary peaks with heights similar to the largest
one (see Fig. B.3). The reported RM results in polarisation
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Fig. 9. Localisation region and host galaxy candidate of
FRB 20200419A (as in Fig. 5).

fractions of L = 51 ± 5% and V = 21 ± 9%. Given the large
secondary peaks, the reported RM is ambiguous. This likely
arises from the relatively low S/N of the linearly polarised inten-
sity, which is further lowered in each frequency channel and
contributes to the appearance of multiple peaks of comparable
height in the RM synthesis plot. However, since the peak at
966.1 rad m−2 is the largest, we will assume this value hereafter.
The expected MW contribution to the RM in the direction of the
burst is ∼−215 rad m−2, which would result in an extragalactic
RM of ∼765 rad m−2. Given the high excess DM of the burst,
its expected redshift is zMacquart = 1.35+0.30

−0.66. Hence, if we assume
the RM to be produced within the FRB host galaxy, it could be as
high as RMhost = 6500+2000

−3200 rad m−2. The PPA remains roughly
flat, with a marginal decrease of ∼5◦ along the burst duration.

5.1.6. FRB 20200518A

This FRB consists of two groups of two narrowly spaced sub-
components each, as can be seen in Fig. 10. The space between
the two groups is ∼2.3 ms, while the space between the subcom-
ponents of each group is 0.54 ms on the first and 0.34 ms on the
second. In the first group, the second component has a larger
amplitude, while the first component of the second group is the
brightest of all four. The power spectrum of the average pulse
profile presents several peaks, but each one corresponds to the
separation between different components. The timing analysis
does not provide evidence for periodicity.

All four subcomponents present a similar frequency extent.
The peak frequency of the emission cannot be easily determined
since the burst presents strong frequency modulations that we
associate with scintillation, with a decorrelation bandwidth of
∆νsc = 5 ± 2 MHz. This matches the expected Milky Way con-
tribution of ∼4 MHz from NE2001 (Cordes & Lazio 2003). We
tested whether the spectral modulation is consistent between all
four subcomponents by cross-correlating the spectra between
them. For all six subcomponent pairs, we find peaks at the zero-
lag frequency, with large correlation coefficients. We compute
the standard scores z = (x − µ)/σ of the zero-lag peaks, where x
is the correlation value at the peak, and µ and σ are respectively
the mean and the standard deviation of the correlation values
for all frequency lags. For each subcomponent pairs, we find z
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Fig. 10. Dynamic spectrum of FRB 20200518A. In the pulse profile,
each of the four components is marked by a coloured region, and is
fitted to a Gaussian. The spectrum in the bottom right panel is the sum
of all the components.
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Fig. 11. Localisation region of FRB 20200518A and two host galaxy
candidates.

between three and seven, indicating that the spectral modulation
is consistent between all four subcomponents. The burst shows
no evidence of scatter broadening at the Apertif resolution.

With a DM of 246.5 pc cm−3, it is the least dispersed burst
of our sample. We localised this FRB to a narrow ellipse
with a localisation area of 1.67 arcmin2 centred at the coordi-
nates 09:36:45.3 +77:22:36.8 in RA and Dec. Given the source
redshift and expected MW and halo contributions, we derive
zMacquart = 0.10+0.04

−0.08. Although we found no galaxies within the
error region and redshift limit, we identified two galaxies with
photometric redshifts ∼0.08 within 3.5′′ and 8′′ of the nomi-
nal error region edge, which given the astrometric uncertainty,
could well be inside the actual error ellipse. The FRB locali-
sation region and the two host galaxy candidates are shown in
Fig. 11. We ran a PATH analysis on the two candidates assum-
ing a small unseen prior, P(U) = 0.01, given the low expected
redshift. We found that both galaxies have a similar likelihood
of being the host, with P(G1|x) ∼ 0.42 and P(G2|x) = 0.56, as
detailed in Table A.1.
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Fig. 12. Dynamic spectrum of FRB 20200719A. The pulse profile is
fitted to a scattered Gaussian. The pink arrow indicates the position of an
excess emission that might be explained by a second component merged
to the first by scattering. The spectrum is fitted to a Gaussian.

The Stokes data were saved after the detection of this burst,
but unfortunately no calibration observations were carried out.
The raw Stokes data show signal in I, Q, and V . By assuming
the circular polarisation to be low, we apply the method to find
the phase that would minimise V . As a result, we obtain a linear
polarisation fraction L = 72±12%, and a residual circular polar-
isation fraction V = 29 ± 17%. This would represent a highly
linearly polarised burst if our assumptions are correct. The resid-
ual V appears mostly in the second group of components, which
might indicate a difference in the polarisation between the two
groups. However, V remains low and with large errors, so we
cannot confirm whether it is intrinsic to the burst or a result of the
corrections applied without calibrators. The burst does not dis-
play any significant Q/U modulations with frequency, and thus
no RM can be estimated. The first group of components appears
to show a higher linear polarisation fraction than the second one,
although the latter also displays a peak in V that could be an inac-
curacy of the calibration procedure. The resulting PPA remains
constant between the two component groups. The Stokes data
calibrated through the circular polarisation minimisation tech-
nique are shown in Fig. B.1.

5.1.7. FRB 20200719A

FRB 20200719A, with a DM of 2778 pc cm−3, is the most dis-
persed FRB of our sample, as well as the most scattered,
with τsc = 21 ms (See Fig. 12). It differs by more than
1000 pc cm−3 from the Apertif FRB with the second-highest
DM. Compared to the FRBs in the Transient Name Server
(TNS)15, it is the FRB with the third-largest DM known to
date, after the Parkes 70-cm FRB 19920913A (Crawford et al.
2022) with a DM of 3338 pc cm−3 and the CHIME/FRB source
FRB 20180906B with a DM of 3038 pc cm−3. The inferred red-
shift of FRB 20200719A is zMacquart ∼ 3.26+0.62

−1.35 if we assume
a DMhost contribution of 100 pc cm−3. The large scattering
timescale might however be an indication of a significant contri-
bution to the DM from the host galaxy and the circumburst envi-
ronment (Cordes et al. 2022; Ocker et al. 2022a), which would
place the FRB at a lower redshift. Nonetheless, since the host
galaxy contribution to the observed DM evolves as DMhost =

15 TNS: www.wis-tns.org, Accessed 2023 Nov 01.

DMhost,loc/(1 + z) (Deng & Zhang 2014), even a large host local
DM contribution would be diluted at high redshift. We can
estimate a redshift lower limit assuming the host galaxy has
a DM contribution as large as that originally found for the
repeating FRB 20190520B (Niu et al. 2022). Even though fore-
ground studies of the FRB 20190520B field have since identi-
fied two intervening galaxy cluster halos that reduce the required
host DM contribution by as much as 50–70% (Lee et al. 2023),
we use the original value here, to be conservative in our lim-
its. The FRB 20190520B host galaxy contributes DMhost =
902 pc cm−3 to the observed DM. Since its host is located at
z = 0.241, the local DM contribution in the host frame is
DMhost,loc ∼ 1119 pc cm−3. If we now assume the host galaxy
of FRB 20200719A has a contribution to the DM as large as that
originally suggested for FRB 20190520B, its redshift would still
be zmin ∼ 2.8+0.6

−1.2. This highly constraining lower limit still places
the FRB at very large cosmological distances.

In principle, further increasing DMhost,loc reduces the
required distance, hence further overcoming the 1+z dilution
in DMhost. One might wonder if this double action allows for
a reasonable combination of distance and DMhost. But even if
we place the host at z = 1.0, the distance of the currently far-
thest FRB (Ryder et al. 2023), we require a DMhost,loc of over
2600 pc cm−3, an extreme outlier of known values for DMhost,loc.

The probability of intersecting a foreground galactic
halo increases with distance. For instance, the most highly
dispersed FRB 20180906B from the CHIME/FRB sample
(CHIME/FRB Collaboration 2021) was shown to intersect
within 1.4 Mpc of a galaxy cluster (Connor & Ravi 2022).
For FRB 20200719A, the possibility of intersecting foreground
galaxies is not negligible. We follow Prochaska & Zheng
(2019)16 to determine how likely this FRB is of intersecting
an intervening galaxy with a mass greater than the Milky Way
within the line of sight (LoS). We use the Aemulus halo mass
function (McClintock et al. 2019) to generate galaxy halos with
masses between 1012 M� (roughly the MW mass) and 1016 M�.
Next, we compute the average number of halos expected to
occupy the comoving volume at the expected redshift of this
FRB, zmax = 3.26. If we consider an intersection within the virial
radius of the galaxies within the comoving volume, which is the
distance at which we expect a foreground galaxy to have a sig-
nificant contribution to the DM, we find the average number of
galaxies to be N(z) = 2.633. However, in order to have a sig-
nificant contribution to scattering, the impact parameter must be
lower (Ocker et al. 2021). If we consider 0.15 times the virial
radius (roughly 10 times the half mass radius, and between 20
and 40 kpc depending on the mass, Kravtsov 2013), we find
N(z) = 0.059. Assuming the location of the foreground galax-
ies within the comoving volume follows a Poisson distribution,
the probability that the LoS crosses k halos is given by:

P(k|N(z)) =
Nke−N

k!
· (11)

The probability of intersecting at least one foreground halo
is thus given by P(k ≥ 1|N(z)) = 1 − e−N . We find the probabil-
ity of at least one intersection within the virial radius of the fore-
ground galaxy to be ∼93%, and within 0.15 times virial radius it
is ∼5.8%. Foreground galaxies are thus very likely to contribute
to the DM of this FRB, while the contribution to scattering is
less likely.

Since foreground galaxy clusters could also contribute to the
large observed DM, we searched for galaxy clusters intersecting

16 https://github.com/FRBs/FRB
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or around the FRB LoS. Although we find several galaxy clus-
ters around the FRB localisation ellipse from Zou et al. (2021),
who identify galaxy clusters in the DESI Legacy Survey, none
of these intersect the FRB LoS within their characteristic radius
R500, where R500 is defined as the radius within which the mean
density of the cluster is 500 times the critical density of the
Universe, ρc, as shown in Fig. C.2. Foreground galaxy clusters
are thus unlikely to contribute to a significant fraction of the
observed DM.

Within the localisation region, we find only two galaxies
below a conservative redshift lower limit of 1.6 (at 1.4 ± 0.5
and 0.81 ± 0.96 respectively; see Fig. A.1), but with such a high
redshift upper limit, roughly 103 dwarfs and ∼50 massive galax-
ies are expected to be contained within the localisation comov-
ing volume. We thus ran a PATH analysis on the two galaxies
assuming a large unseen prior, P(U) = 0.9, to take into account
the expected number of massive galaxies within the comoving
volume versus the ones we see. The brightest galaxy, G2, is
found to be the most likely host, with P(G2|x) ∼ 0.1, while
P(G1|x) ∼ 2 × 10−4, as detailed in Table A.1. We thus cannot
confidently associate FRB 20200719A to any host galaxy.

The spectrum of the FRB can be fitted to a Gaussian peaking
at νobs = 1460 MHz and with a bandwidth (FWTM) of 260 MHz.
The emission thus extends above the observing band. The pulse
profile fitted to a single scattered component shows excess of
emission after the peak. This might be the signature of a sec-
ond component that is blurred together with the first due to scat-
tering. By fitting a two-component scattered model, we find a
potential component separation of 5.95 ms. However, the BIC
of the single-component model is marginally lower and hence
it is preferred. Assuming a single-component scattered burst,
we divided the total bandwidth into four subbands and fitted
the scattering tail separately in the top two, where there was
enough signal to perform the fit. From the difference in scat-
tering timescale between these two subbands, we obtain a scat-
tering index α = −11.1 ± 4.5. In spite of the large error bars,
this index is still inconsistent with scattering by a thin screen or
a turbulent medium. We discuss this further in Sect. 6.1.3.

Given the large distance at which this FRB was emitted, its
peak frequency is highly redshifted towards lower frequencies.
The observed frequencies evolve as νobs = ν0/(1 + z), which
means the peak frequency in the host galaxy frame would have
been between 4.2 and 7.1 GHz for the expected redshift range.
As will be further discussed in Sect. 6.5, and shown in Fig. 13,
this is the highest inferred rest-frame frequency of a one-off
FRB to date. The implications of such a high-DM FRB are also
reviewed later, in Sect. 6.1.4.

5.1.8. FRB 20210124A

This burst, with a DM of 869.2 pc cm−3, consists of a scattered
single component with τsc = 0.65 ms. If we divide the burst into
six subbands, we measure a scattering index α = 4.4 ± 3.3, fully
consistent with scattering by a turbulent medium or a thin screen.
Additionally, the FRB presents intensity modulations with fre-
quency, with a decorrelation bandwidth ∆νsc = 1.7 MHz. These
modulations are likely to be a product of scintillation in the MW,
since the expected scintillation bandwidth predicted by NE2001
in the direction of the FRB, ∼1 MHz, agrees with our measure-
ment well within a factor of two. If we consider the screen pro-
ducing the scattering to be closer to the production site of the
burst and the one producing the scintillation to be within the
MW, we can set an upper limit on the distance between the FRB
and the first screen to be ∼600 kpc assuming the host galaxy to be

at z = 0.9. The scattering must thus have been produced within
the galactic neighbourhood of the FRB host galaxy.

The Stokes data of this FRB were saved, and we carried
out observations of a linearly polarised and an unpolarised cali-
brator (3C286 and 3C147 respectively). In the Stokes data (see
Fig. B.1), we observe signal in Stokes I and Q, but not in U
and V . The linear polarisation fraction adds up to L = 86 ±
8%, the highest in our sample together with FRB 20191108A
(Connor et al. 2020, see our Sect. 4.6). The resulting circular
polarisation fraction is in turn V = 15 ± 12%, roughly consis-
tent with 0. The PPA remains constant within errors throughout
the burst duration.

Although the FRB was localised to an error region as small
as 0.89 arcmin2, we identified 11 galaxies within the error region
and redshift upper limit, zmax = 1.13. It is thus not possible to
identify the most likely host galaxy. The localisation region and
host galaxy candidates are displayed in Fig. A.1.

5.1.9. FRB 20210127A

This FRB, detected at a DM of 891.7 pc cm−3, consists of a
single component, 0.83 ms wide, with no measurable scatter-
ing. The burst extends over the whole observing bandwidth,
and no scintillation is visible at Apertif frequencies. Its full-
Stokes data were saved, and subsequent observations of a lin-
early polarised and unpolarised calibrators (3C286 and 3C147
respectively) were carried out. The burst was detected in SB 34
while the calibrators were centred in SB 35, and although these
SBs are adjacent, the calibrated data still shows a residual V
signal with oscillating intensity that is unlikely to arise from
a physical phenomenon (see Fig. B.1). Stokes Q and U dis-
play similar oscillations, and we thus apply a phase correction
to minimise the V signal. After implementing RM synthesis, we
obtain an RM = 123.5±0.4 rad m−2, as presented in Fig. B.4. This
RM is in excess of what we expect from the MW contribution,
RMMW ∼ 35 rad m−2 (see Table B.1). If the FRB was produced
at zMacquart ∼ 0.98, this would translate to RMhost ∼ 335 rad m−2

in the source reference frame. The PPA shows a marginally sig-
nificant decrease of about 5 degrees.

We localised this FRB to a small error region of
0.75 arcmin2, but we identified eight galaxies with photometric
redshifts below the upper limit zmax = 1.23, and it is thus not
possible to determine the most probable host (see Fig. A.1 for
the localisation region and candidate hosts).

5.1.10. FRB 20210317A

This burst has a DM of 466.4 pc cm−3 and it is formed by a sin-
gle component. The burst displays frequency modulations with
a decorrelation bandwidth of 4.8 MHz without measurable scat-
tering. The NE2001 model predicts the MW scintillation band-
width in the direction of the FRB to be ∼1.1 MHz, and since
these agree within an order of magnitude, we attribute the burst
modulation to scintillation in the MW.

The burst triggered a full-Stokes data dump, but since it
was detected during the last observation of the observing run,
no calibration observations could be scheduled. The raw Stokes
V data show oscillations resembling those produced by Fara-
day rotation in Q and U, hence we apply the circular polar-
isation minimisation technique to rotate the phase of the V
signal into U. This produces the calibrated data presented in
Fig. B.1. After applying RM synthesis, we determine an RM of
−252.5 ± 1.3 rad m−2 (see Fig. B.5), and the resulting linear and
circular polarisation fractions are L = 50 ± 5% and V = 3 ± 4%.
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Given the expected contribution RMMW ∼ 26 rad m−2, the RM
at the expected redshift zMacquart = 0.38+0.10

−0.22 would be around
RMhost ∼ −530 rad m−2. The PPA shows a slow increase of
∼7 degrees throughout the burst duration.

Since we localised the burst to a relatively small error
region of 0.54 arcmin2 centred at the coordinates 19:36:27.4
+59:51:50.7 in RA and Dec, we searched for host galaxy can-
didates in and around the error region. We identified one galaxy
with photometric redshift z = 0.15±0.05 within the error region,
and two additional ones at z = 0.30 ± 0.05 and z = 0.15 ± 0.06
respectively 4.5′′ and 8.5′′ away from the error region. Although
G1 is the most likely host at 54%, G2 also has a 35% probabil-
ity of being associated to the FRB. Hence, we cannot confidently
identify the host of FRB 20210317A. The localisation region and
host galaxy candidates are shown in Fig. 14, while the details of
the PATH analysis are shown in Table A.1.
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Fig. 15. Dynamic spectrum of FRB 20210530A, displayed as in Fig. 10.
The spectrum is flat throughout the band.

5.1.11. FRB 20210530A

The pulse profile of this FRB consists of a main, broad compo-
nent with a flat top followed by two postcursors, and it is well
fitted by four Gaussian components, as shown in Fig. 15. The
first two Gaussians model the profile of the main component,
and they have a similar amplitude and a separation of 0.67 ms.
The two postcursors have a separation of 1.89 ms and 0.93 ms
with respect to their preceding subcomponents each. A timing
analysis does not reveal evidence for periodicity.

The burst triggered a full-Stokes data dump, and calibra-
tors 3C286 and 3C147 were observed. The two main compo-
nents display an oscillating signal in the calibrated Stokes Q
and U, but not in V . After applying RM synthesis, we find an
RM = − 125.1 ± 4.6 rad m−2, as seen in Fig. B.6. The resulting
polarisation fractions are L = 52 ± 4% and V = 0 ± 7%. The
PPA of the two main components appears first to increase by
∼20 degrees and then to decrease back to the initial value.

We localised this FRB to an error region of 2.97 arcmin2. We
find 36 galaxies contained within this region and the Macquart
redshift upper limit zmax = 1.35, as shown in Fig. A.1, too many
to identify the most likely host.

5.1.12. FRB 20211024B

This FRB, displayed in Fig. 16, consists of a single discernible
component with a FWTM of 1.45 ms. The burst presents a slight
asymmetry, with the intensity increasing more slowly than it
decreases at later time. This could be an intrinsic property of
the burst, or a hint of an unresolved precursor. The burst was
detected with a DM of 509.4 pc cm−3, and after removing the
MW and halo contribution, we expect a redshift of zMacquart =

0.52+0.12
−0.30.

This FRB has a small localisation region of 0.77 arcmin2,
and within the redshift upper limit zmax = 0.64, we find five host
galaxy candidates with photometric redshifts ranging from 0.2
to 0.6. We find the most likely host to be the brightest galaxy,
G2, with P(G2|x) ∼ 61%, while for the second brightest galaxy
we find P(G1|x) ∼ 24%. These two host candidates have simi-
lar photometric redshifts zphot ∼ 0.24, on the lower end of what
is expected from the Macquart relation for the assumed DMhost.
The details of the host candidates and PATH analysis are pre-
sented in Table A.1.
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5.1.13. Bicomponent bursts

Three bursts exhibit two components, where the first is brighter
than the second. Two of the FRBs, FRB 20190709A and
FRB 20191109A, were originally presented in van Leeuwen
et al. (2023). As discussed there, the subcomponents of
FRB 20190709A have a separation of 1.3 ms, and the amplitude
of the first is roughly five times larger than the second. Each has
a FWTM of ∼0.9 ms, and no scattering can be resolved. The first
component is broadband and shows intensity variations in fre-
quency consistent with the expected scintillation in the MW. The
second component is mainly visible at the bottom of the band,
coincident in frequency with a bright scintillation ‘patch’ from
the first component.

Similarly, the subcomponents of FRB 20191109A have a
separation of 1.2 ms, the main component has a width of 0.7 ms
and it is ∼3.5 times larger in amplitude than the second, with a
width of 1.4 ms. The pulse profile shows a bump about a mil-
lisecond after the first component, but its S/N is to low to confi-
dently associate it with a third component. The two components
have a similar frequency extent. The emission extends from the
top of the band down to 1280 MHz. There appears to be a gap in
emission between 1370 and 1440 MHz, but we associate it to an
instrumental effect (lower sensitivity at those frequencies during
the observation) rather than to an intrinsic property of the burst.

FRB 20200321A is the last burst with two components. The
observation where this burst was detected was highly affected
by RFI, and nearly half of the observing bandwidth had to
be masked. The subcomponent separation is 0.7 ms, while the
widths are 0.9 ms and 1.3 ms for the first and the second sub-
components respectively. The subcomponents are thus nearly
merged together. From the limited available bandwidth, the two
components appear to be narrowband, with a frequency extent
of ∼230 MHz at a peak frequency 1435 MHz, and both sub-
components extending the same range of frequencies. This FRB
triggered the dump of the full-Stokes data, and observations
of the linearly polarised calibrator 3C286 were subsequently
scheduled. The Stokes Q and U parameters do not display any
discernible oscillation where an RM could be estimated, and
we measure low polarisation fractions of L = 17 ± 5% and
V = 13 ± 9%. The calibrated Stokes parameters are shown in
Fig. B.1.

5.1.14. Low-polarisation bursts

In this section we include the bursts that triggered the stor-
age of the full-Stokes data which have an average linear
polarisation fraction L < 35% and a circular polarisation frac-
tion V < 30%. Following the FRB polarisation classification
from Sherman et al. (2024), these bursts would be considered
to be unpolarised. Six out of the 16 bursts with Stokes data
fall into this category, including FRB 20200213A presented in
Sect. 5.1.2, and FRB 20200321A described in Sect. 5.1.13. The
calibrated Stokes data of these bursts are displayed in Fig. B.1,
and the remaining four bursts are described below.

FRB 20191020B, originally presented in van Leeuwen et al.
(2023), was the first FRB of the sample that triggered the stor-
age of the Stokes data. Although no calibrator observations were
taken at the time, in the raw data we observe signal in the linear
polarisation of L = 31 ± 7%, and a circular polarisation frac-
tion consistent with 0. There is no sign of Q/U oscillations with
frequency that could be attributed to Faraday rotation.

FRB 20200322A, detected at a DM of 1290.3 pc cm−3

presents a scattering tail with τsc = 4.2 ms. The burst
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Fig. 16. Dynamic spectrum of FRB 20211024B. The spectrum shows
a morphology that cannot be well fit to a Gaussian or to a power-law,
but that could be of instrumental origin: the FRB was detected in SB 40
(CDS Table), which is composed of two TABs (see Sect. 4.5).

appears narrowband, with most of the emission observed above
1300 MHz. By dividing the bandwidth into four subbands, we
were able to measure the scattering timescale in the to three
subbands and infer a scattering index α = −4.5 ± 2.3, which
is consistent with both scattering in a turbulent medium or by
a thin screen. The spectrum can be fitted to a Gaussian peak-
ing at 1406 MHz, and additionally it shows spectral modulations
with a decorrelation bandwidth of 5 ± 2 MHz, consistent with
the expected MW contribution. The combination of scattering
and scintillation would place an upper limit between the FRB
location and the scattering screen of ∼300 kpc assuming a red-
shift of zMacquart ∼ 1.46. The Stokes data of the FRB were saved
upon its detection, and the U/V leakage was calibrated using the
linearly polarised source 3C286. The burst appears to be unpo-
larised, with L = 3 ± 6% and V = 14 ± 9%. The Stokes data are
presented in Fig. B.1.

FRB 20200323C was detected at a DM of 833.4 pc cm−3 and
consists of a single component with a scattering timescale of
τsc = 1.3 ms. The burst is brighter at the top of the band, and
its spectrum can be well fitted by a
hboxpower-law with a spectral index Γ ∼ 6.3. By dividing the
dynamic spectrum into 8 subbands, we measured the scattering
timescale in the top 6, where the burst is bright enough, resulting
in a scattering index of α = −3.5 ± 3.0. Its detection triggered
a full-Stokes data dump, and 3C286 observations were obtained
to calibrate the U/V leakage. The burst presents a polarisation
fraction consistent with 0, although some residual Q/U signal is
apparent in Fig. B.1. The signal is however not strong enough to
apply the RM synthesis technique.

FRB 20200516A, with a DM of 361.1 pc cm−3, is a single-
component burst with a temporal width of ∼2.2 ms and no mea-
surable scattering, whose spectrum can be well fitted by a power-
law with a spectral index Γ ∼ +6.9. Unfortunately, no cali-
bration observations were performed after the detection of this
burst. The raw data shows however a low polarisation fraction of
L = 17 ± 13% and V = 14 ± 7%. Calibration would have been
unlikely to significantly modify this result.

5.2. Localisation

The Apertif localised FRBs have an average error region of
∼5 arcmin2 and a median of ∼2 arcmin2. Figure A.1 displays
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the 99% confidence levels on the localisation of the new Apertif
FRBs with a localisation area <6 arcmin2, as well as the galax-
ies identified within the error regions. Depending on the mean
redshift from the Macquart relation, we estimate the number
of dwarf and massive galaxies expected to be contained in the
comoving volume Vco of the localisation region, as shown in
Fig. 17. For FRB 20200210A, we assume the redshift obtained
by combining scattering timescale and DM (see Sect. 5.1.1). For
the FRBs published in van Leeuwen et al. (2023), we provide
updated error regions after fitting them to an ellipse at the 99%
level.

For several of the Apertif FRBs, the expected number of
dwarf galaxies within the error region computed as described
in Sect. 4.3 is <5, while the number of expected massive
galaxies is �1, namely FRB 20200210A, FRB 20200419A,
FRB 20200518A, FRB 20210317A, FRB and 20201020A. After
searching for known galaxies within the expected redshift
limits for the relatively well localised FRBs, we find seven
FRBs with ≤5 host galaxy candidates, listed in Table A.1. For
FRB 20200419A, we find a single host galaxy candidate with a
PATH association probability of ∼70%, while FRB 20200210A,
FRB 20200518A, FRB 20210317A, and FRB 20211024B have
host galaxy candidates with association probabilities between
50% and 60%.

For searches of associated radio continuum emission
at 1.4 GHz, only FRB 20190709A, FRB 20190926B and
FRB 20191108A (van Leeuwen et al. 2023) lie within the Aper-
tif imaging footprint (Adams et al. 2022). For the latter FRB,
the lowest-redshift one of the set, Connor et al. (2020) report an
imaging non-detection.

All FRBs were found with Galactic latitudes |l| > 12◦ with
the exception of FRB 20200514, with l = 2.48◦, which was
detected in an observation of the repeater FRB 20180916B.

The localisation regions of all Apertif FRBs are reported
on the CDS Table. The regions were fitted to a 2D Gaussian
and we provide the ellipse properties that best match the 99%
error region of each FRB, with RA and Dec indicating the
ellipse centre, a and b the semi-major and semi-minor axes
respectively, and θ the angle of the ellipse measured from
West (lower RA) through North, following the SAOImageDS917

convention.

5.3. Spectral properties

About two-thirds of the Apertif FRBs are broadband (i.e. they
have emission from the bottom to the top of the observing band-
width at roughly the same intensity). The spectra of the remain-
ing bursts can be classified in two different categories. Four have
emission at the top of the band, and can be well fitted by a power-
law with a positive spectral index Γ, ranging from 4.4 to 10.6.
The remaining five are narrowband and their spectra can be well
fitted by a Gaussian. Although the broadband bursts are likely
to have, in reality, a Gaussian or power-law spectrum, the frac-
tional bandwidth of Apertif of ∼0.2 and the presence of structure
in frequency from scintillation impede a further characterisation
of the wider spectral properties. The burst spectral properties are
detailed on the CDS Table.

17 ds9: https://sites.google.com/cfa.harvard.edu/
saoimageds9
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Fig. 17. Expected galaxies within the comoving volume of the FRB
localisation. The blue and yellow shaded regions give the expected num-
ber of dwarf and massive galaxies, respectively, within the localisation
region and redshift upper limits. Each vertical dashed line gives the
upper limit on the comoving volume of an FRB, whose TNS identi-
fiers are given at the top. The horizontal solid line shows the one-galaxy
limit, while the dotted line shows the five-galaxy limit.

6. Discussion

Based on the Apertif results presented in the previous section,
we here discuss the implications, along a range of sub topics.

6.1. Propagation effects

The Apertif FRB sample displays a large variety of propaga-
tion effects. In this section we describe the observed scatter-
ing timescales and scintillation bandwidths, and compare them
to the FRB samples collected by other instruments and to the
expected Milky Way (MW) contribution (queried from NE2001
and YMW16 at 1370 MHz using pygedm; Price et al. 2021).

6.1.1. Scattering and comparison to other surveys

Seven of the 24 detected FRBs have measurable scattering,
with τsc values ranging between 0.6 ms and 21 ms at 1370 MHz
(Fig. 18, top, in green). These timescales are two to four orders
of magnitude higher than the MW contribution predicted by
NE2001 and YMW16, as visible in Fig. 19. The scattering is
thus likely produced in the host galaxy or the local environment
of the FRB, or alternatively in an intervening galaxy in the prop-
agation path of the burst.

Before comparing these values to surveys at other frequen-
cies, we note that τsc evolves with frequency as τsc ∝ ν−α with
α the scattering index. Theoretically, α = 4 for a simple thin
screen model and α = 4.4 for propagation through a turbulent
medium with a Kolmogorov spectrum. For pulsars, the average
α ∼ 3.86 (Bhat et al. 2004). Estimates of FRB scattering indices,
while still scarce, are close to α = 4 on average, but compat-
ible with α = 4.4 (e.g. Thornton et al. 2013; Ravi et al. 2015;
Masui et al. 2015; Qiu et al. 2020). We use a scattering index
α = 4, compatible with Galactic pulsars and with FRB observa-
tions.

CHIME/FRB, due to its detection biases (see CHIME/FRB
Collaboration 2021), is incomplete for τsc > 10 ms at 600 MHz.
This corresponds to about >0.37 ms at 1370 MHz. The most
scattered CHIME FRBs thus slightly overlap with the low end of
the Apertif sensitivity to scattering. This reveals that Apertif can
detect a population of highly scattered bursts which are unlikely
to be detected by CHIME/FRB. Apertif, conversely, cannot
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Fig. 18. Scattering and subcomponent separation distributions of Aper-
tif and CHIME/FRB. Top: Histogram of observed scattering timescales
in CHIME/FRB and Apertif FRBs. The dashed orange line represents
the fiducial scattering timescale distribution of CHIME/FRB bursts. The
dotted black line shows the joint scattering timescale distribution of
Apertif and CHIME/FRB, and the solid black line its fit to a lognormal
distribution. The dashed green and orange lines and arrows demarcate
Apertif and CHIME/FRB sensitivity to scattering. The lower and upper
horizontal axes show the scattering timescales scaled to the respective
band centers of Apertif band (1370 MHz) and CHIME/FRB (600 MHz).
Bottom: Joint stacked histogram of observed subcomponent separa-
tions. The green histogram represents the Apertif separation distribution
normalised by the total number of components in the FRB sample. The
orange histogram is the same for CHIME/FRB. The black line shows a
fit of the joint histogram to a lognormal distribution.

resolve scattering timescales below the instrumental broadening,
which CHIME/FRB might.

To investigate the intrinsic FRB scattering distribution, we
build a joint Apertif-CHIME/FRB scattering distribution. We
add the Apertif scattering histogram, normalised by number of
bursts and scaled to the same frequency, to the CHIME/FRB
scattering model (CHIME/FRB Collaboration 2021), and next
it by a lognormal model. This method is justified by the small
overlap between the different surveys sensitivities to scattering,
and it effectively skews the distribution towards higher scattering
values. The equation for the lognormal distribution measured per
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ple diamonds with error bars give the measurable scattering timescales,
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unit logarithm of the variable x is given by

p(x) =
m

σ
√

2π
exp

(
−

ln (x/m)2

2σ2

)
, (12)

where the shape σ is a frequency-independent value and m is the
frequency-dependent scale in ms. For the joint distribution, we
find σ = 1.86 ± 0.07 and m = 0.081 ± 0.006 ms at 1370 MHz
or m = 2.2 ± 0.2 ms at 600 MHz (same σ). This resulting dis-
tribution is a rough estimate; we acknowledge that there is a
redshift-dependent correction if the scattering originates in the
host galaxy. However, since the Apertif and CHIME/FRB red-
shifts are not known, correcting for the detailed observational
biases and determining the intrinsic FRB scattering distribution
is out of the scope of this paper. Overall, we conclude from this
joint distribution that a large fraction of highly scattered FRBs
exists in the real, underlying population.

This finding is further supported by other GHz surveys. This
is visible when comparing scattering timescales against observ-
ing frequencies, as in Fig. 20. Over half of the ASKAP bursts
with measurable scattering (Day et al. 2020; Qiu et al. 2020)
exceed the CHIME/FRB scattering sensitivity limit, once scaled
by frequency. Their voltage capture mode has enabled ASKAP
to measure the exponential decay of two FRBs with a lower
scattering timescale than any of the Apertif FRBs, down to
τsc = 0.041 ms for FRB 20190102C. The most scattered ASKAP
FRB is FRB 20180130A with τsc = 5.95 ms, still well less scat-
tered than Apertif FRB 20200719A (see Sect. 5.1.7). Overall the
ASKAP FRBs are less scattered too, with an average τsc ∼ 2 ms
versus ∼6 ms for ALERT.

The Parkes FRBs with measurable scattering all fall above
the CHIME/FRB sensitivity limit (e.g. Lorimer et al. 2007;
Petroff et al. 2015; Bhandari et al. 2018; Osłowski et al. 2019).
Parkes FRBs show marginally larger scattering than Apertif,
with an average τsc ∼ 9 ms.
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Fig. 20. Observed scattering timescales vs frequency. The green circles
represent this work, the other markers as per the legend (see inset). The
values are queried from the TNS database and the First CHIME/FRB
Catalog. The grey lines are a reference for the τsc ∝ ν−4 relation. The
darkest grey line corresponds to the CHIME/FRB scattering sensitiv-
ity limit of 10 ms at 600 MHz. Apertif, Parkes, ASKAP, UTMOST and
MeerTRAP τsc are shown at their respective central observing frequen-
cies, while the CHIME/FRB τsc are shown at the peak frequency of the
burst.

Although UTMOST observes at 843 MHz, considerably
lower than Apertif, the measured scattering timescales in four
FRBs do not significantly differ from Apertif and Parkes
(Farah et al. 2019). This is probably explained by the UTMOST
real-time trigger voltage data and its time resolution of ∼10 µs,
but it is remarkable nonetheless. Once accounted for frequency,
though, the UTMOST FRBs represent less scattered bursts than
Apertif and Parkes, but similar to ASKAP. We note that we
have included no scattering upper limits in this analysis. While
the First CHIME/FRB Catalogue reports these upper limits, the
TNS does not record such values. A more detailed comparison
between the different samples is out of the scope of this paper.

6.1.2. Correlation between dispersion and scattering

Since the DM and τsc of Galactic pulsars are correlated, we
investigated if a similar correlation exists in the Apertif FRBs.
Figure 21 shows these FRB scattering timescales as a function
of excess DM, since we expect the origin of scattering to be
extra-Galactic. Also plotted for comparison are the pulsar data,
and the τsc–DM relations from Cordes & Chatterjee (2019) and
Bhat et al. (2004). We also plot the scintillation bandwidth of
the FRBs converted to scattering timescales as a function of the
expected DMMW, since the measured scintillation bandwidths
match the expected Galactic contribution.

As the scattering timescales of the FRBs in the top right of
Fig. 21 appear to increase with DM, we determined the correla-
tion coefficient between the excess DM and the Apertif τsc values
and upper limits. We compute the Kendall correlation coefficient
τ using the cenken function of the CRAN NADA package18, fol-
lowing Feigelson & Babu (2012, Chapter 10.8.3 and references
therein). This coefficient is a non-parametric correlation test,
robust on small sample sizes with censored data (Helsel 2004;

18 CRAN NADA package: https://cran.r-project.org/web/
packages/NADA/index.html
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Fig. 21. Scattering as a function of DM of Apertif FRBs compared to
Galactic pulsars. The measured Apertif τsc as a function of extragalactic
DM is shown as purple diamonds (greater transparency for upper lim-
its). The cyan circles correspond to the measured scintillation converted
to scattering as a function of the expected Galactic DM. The grey dots
are the known pulsar τsc at 1370 MHz as a function of measured DM.
Two τsc–DM relations are shown, from Bhat et al. (2004, yellow line)
and Cordes & Chatterjee (2019, blue line with shaded region).

Oakes 1982), and thus applicable to our case. The function also
computes a p-value whose null hypothesis is the absence of cor-
relation. We find only a weak correlation with τ = 0.17, and
a p-value of 0.24, exceeding the conventional 0.01, indicating
no evidence for a correlation between the excess DM and τsc of
Apertif FRBs.

This absence of correlation is in agreement with pre-
vious FRB observations (Qiu et al. 2020; Petroff et al. 2019;
Cordes & Chatterjee 2019), and supports earlier claims that the
IGM does not significantly contribute to scattering (Cordes et al.
2016; Xu & Zhang 2016; Zhu & Feng 2021).

6.1.3. Origin of scattering

Although only FRBs presenting both scattering and scintillation
allow us to set upper limits on the distance between the source
and the scattering screen, we can determine that the scattering of
Apertif FRBs, when present, is much more likely to have been
produced at the host galaxy and not in the halo of an interven-
ing galaxy within the LoS. In their Eq. (2), Ocker et al. (2021)
determine a relationship between scattering, the electron density
fluctuations of the medium, and a geometric factor that depends
on the distances between FRB, scattering medium and observer:

τsc(DM, ν, z) ' 48.03 ns ×
AτF̃(zl)DM2

l

(1 + zl)3ν4

[
2dsldlo

Ldso

]
. (13)

Here Aτ . 1 is a scaling factor to convert the mean delay to the
1/e delay obtained from the pulse shape fit, F̃(z) in pc−2/3 km−1/3

quantifies the electron density variations of the scattering lens,
DMl is the DM contribution from the scattering lens, zl is the
redshift of the scattering lens and ν is the observing frequency in
GHz. dsl, dlo, and dso are angular diameter distances in Gpc, with
dsl the source to lens distance, dlo lens to observer, dso source to
observer. L is the thickness of the layer in Gpc, and the geometric
boost factor Gsc ' dsldlo/Ldso. We note that, since all distances
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Fig. 22. Expected contribution to scattering at 1370 MHz for different
lens DMs from an FRB host galaxy at zH = 1 and an intervening galaxy
halo within the line of sight. The solid lines show the expected host
galaxy contribution for different electron density variations and a geo-
metric boost factor Gsc = 1. The dashed lines show the expected con-
tribution from an intervening galaxy halo with a thickness L = 30 kpc
and F̃0 = 10−4 pc−2/3 km−1/3 located at different redshifts. The orange
shaded region represents the observed Apertif τsc range.

are measured in Gpc, τsc is measured in ns. When either the
source or the observer are embedded in the scattering medium
and the source to observer distance d is much larger than the
medium’s thickness L, Gsc = 1. The electron density fluctua-
tions vary with redshift following the cosmic star formation rate
(CSFR) as follows (Eq. (22) in Ocker et al. 2022b):

F̃(z) ' F̃0 ×
(1 + z)2.7

1 + 1[(1 + z)/2.9]5.6 · (14)

If the scattering lens is located in the host galaxy (zl =
zhost), F̃0 can vary from 10−2 to 103 pc−2/3 km−1/3 by extrapo-
lation from observations of MW pulsars in the Galactic plane.
In this case, the FRB would be embedded in the scattering
medium and dso is much larger than the medium’s thickness
L, thus Gsc = 1. If, on the other hand, the scattering lens is
a galactic halo falling within the FRB LoS, the electron den-
sity fluctuations are much lower. Galactic pulsars located in the
Milky Way thick disk (at 10–20 kpc distances) exhibit an F̃0 ∼

10−3 pc−2/3 km−1/3. An FRB traversing an intervening galactic
halo would encounter a much more homogeneous medium, with
F̃0 ∼ 10−4 − 10−5 pc−2/3 km−1/3. Although the geometric boost
factor is much larger for an intervening galaxy halo than for the
medium where the source or the observer are embedded, the tur-
bulence of the intervening halo is very small unless the FRB
passes with a small impact parameter with respect to the galaxy
centre.

In Fig. 22, we compare the expected τsc produced by the host
galaxy medium and by an intervening galactic halo as a func-
tion of the lens DM contribution. We compute these values at
1.37 GHz for an FRB located at z = 1, the average redshift upper
limit of scattered Apertif FRBs. For the host galaxy, we test a
range of electron density fluctuations from 10−2 to 103. For a
scattering lens within the LoS of the FRB with a thickness of
L = 30 kpc, we assume F̃0 = 10−4 pc−2/3 km−1/3 and test the τsc
contribution at different distances varying from 10% to 90% of
the host galaxy redshift.

We find the observed Apertif scattering timescales to be
much more easily produced in the host galaxy than by an inter-

vening galaxy halo located in the burst LoS. This is in agree-
ment with Cordes et al. (2022), and it is further supported by the
lack of observable scattering in other FRBs which are known
to travel through the halos of foreground galaxies. This is the
case for FRB 20191108A, which passes through the halos of
M33 and M31 with an impact parameter of 18 kpc from M33
(Connor et al. 2020) and FRB 20190709A passing &25 kpc away
from the M33 centre (van Leeuwen et al. 2023), as well as
the localised FRB 20181112A (Prochaska et al. 2019; Cho et al.
2020), and FRB 20190608B (Simha et al. 2020).

By modelling the dispersion and scattering produced
throughout the travel path of an FRB, Chawla et al. (2022) find
that circumburst environments with strong scattering proper-
ties are required in order to reproduce the FRBs from the first
CHIME/FRB Catalog with τsc > 10 ms at 600 MHz. This cor-
responds to ∼0.37 ms at 1370 MHz, which roughly matches
the lowest measured Apertif scattering timescale. Although
Chawla et al. (2022) suggest intervening galaxies within the
burst LoS as an alternative explanation, we have determined
above that this scenario is more unlikely given the low fluctu-
ation parameter observed in the MW halo (Ocker et al. 2021). A
very low impact parameter with respect to the centre of the inter-
vening galaxy (.10 kpc for a MW-like galaxy, or roughly .15%
of the virial radius as assumed in Sect. 5.1.7) would be required
in order to produce significant scattering.

A correlation between τsc and DM might have been an indi-
cation of a significant contribution to scattering from the IGM
or intervening host galaxies. Meanwhile, scattering in the host
galaxy would be highly dependent on the type of galaxy and its
inclination, hence no correlation would be expected. The lack of
a significant τsc–DM correlation supports an origin of scattering
in the FRB host galaxies.

Beyond the timescales discussed above, valuable insights on
the intervening media for each Apertif FRB are also provided by
the individual scattering indices α. Of the seven Apertif FRBs
with measurable scattering timescales and indices, four are com-
patible with α = 4 (for a thin screen scenario), while three
are compatible with α = 4.4 (for a uniform Kolmogorov tur-
bulent medium). Three bursts present larger scattering indices,
incompatible with both models (Fig. C.1). FRB 20200523A and
FRB 20200719A have low S/N and the scattering timescale can
only be measured in two subbands, so we decide not to draw
conclusions from them. However, FRB 20200210A was bright
enough to divide the bandwidth into 16 subbands and measure
the scattering in the top six ones, obtaining a scattering index
of α = 13.8 ± 0.9. We obtain consistent indices when measur-
ing the scattering timescale in the top five bands out of eight, or
when testing different S/N thresholds, and our measurement is
thus robust. The highest scattering index ever reported in pulsars
is α = 9.8 for B1834–04 (Lewandowski et al. 2013), although
the authors caution the scattering was only measured at two
frequencies. Scattering index measurements in FRBs are still
scarce. Sammons et al. (2023) measure a steep scattering index
α = 7.3 ± 0.9 within a narrow observing bandwidth for the
repeater FRB 20201124A, but an index of α ∼ 4 is required
to make their scattering measurement consistent with previous
observations. The simplicity of the models that predict scat-
tering indices of α = 4 or α = 4.4 is unlikely to apply to
more complicated geometries that could arise, for instance, in
a clumpy medium, or throughout the inhomogeneities that FRBs
are likely to encounter along their travel paths. Walker et al.
(2017) showed that molecular clumps around hot stars could
potentially be responsible for extreme radio scintillation events
of background radio sources. In the case of FRB 20200210A,
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Table 1. Comparison of Apertif DMs to other instrument samples.

Instrument Observed DMs Extragalactic DMs
Median pKS Median pKS

Apertif 625 578
ASKAP 431 0.009 361 0.005
CHIME 562 0.269 485 0.194
DSA-110 452 0.061 365 0.061
MeerTRAP 675 0.482 622 0.945
Parkes 815 0.415 694 0.774
UTMOST 647 0.701 484 0.592

Notes. Medians for the observed and extragalactic DM values of the
main FRB surveys, and their KS two-sample p-value (pKS) against
Apertif.

such a configuration could explain both the large scattering
timescale and the steep scattering index. Alternatively, the use of
a different kernel modelling a thick screen might produce a scat-
tering index compatible with the theory and other radio pulse
observations. The pulse might instead intrinsically broaden at
lower frequencies. Further study is clearly required to under-
stand the origin of such anomalous scattering profiles.

We thus conclude the scattered Apertif FRBs are likely to
be embedded in extreme environments. These could be star-
forming regions or supernova remnants, as has been previ-
ously suggested (e.g. Masui et al. 2015; Connor et al. 2016;
Xu & Zhang 2016).

6.1.4. Dispersion

In our sample, DMs range from 246 to 2778 pc cm−3, with a
∼800 pc cm−3 average and ∼625 pc cm−3 median. The expected
MW and halo contribution in the sample varies between 70
and 300 pc cm−3. We compare the Apertif DMs to other instru-
ments listed in the TNS with samples exceeding 10, namely
those reported by CHIME/FRB (CHIME/FRB Collaboration
2021), ASKAP (Bannister et al. 2017; Shannon et al. 2018;
Macquart et al. 2020), Parkes (Lorimer et al. 2007; Keane et al.
2012, 2016; Thornton et al. 2013; Burke-Spolaor & Bannister
2014; Petroff et al. 2015, 2017; Ravi et al. 2015, 2016;
Champion et al. 2016), UTMOST (Caleb et al. 2017; Farah et al.
2018, 2019), DSA-110 (Law et al. 2024), and MeerTRAP
(Jankowski et al. 2023). For these surveys, Fig. C.4 visualises
the observed (DMobs) and excess (DM–DMMW) dispersion mea-
sures. Table 1 lists the distribution median per survey. To inves-
tigate if the observed Apertif DM distribution agrees with the
other surveys, we performed a Kolmogorov-Smirnov two sam-
ple test and obtain the p-values pKS (Table 1).

We find the Apertif DM distribution to be compatible with
most surveys, except ASKAP. Compared to that survey, with the
lowest median DM, pKS < 0.01 on both the observed and extra-
galactic DMs, rejecting that the two surveys drew from the same
distribution. While the ASKAP FRB sample we consider here
includes both the fly’s eye (Shannon et al. 2018) and incoherent-
sum survey (Macquart et al. 2020), we find the average and
median excess DM of the selected bursts from both surveys to
be very similar (Average: 379 pc cm−3 for fly’s eye, 401 pc cm−3

for incoherent. Median: 361 pc cm−3 for fly’s eye, 385 pc cm−3

for incoherent). Although the resulting pKS are larger, which are
0.02 and 0.06 respectively for the fly’s eye and incoherent sur-
veys, the smaller sample sizes considered here would not allow
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Fig. 23. Fluence–excess DM diagram for Apertif and all other TNS
FRBs. The surveys are indicated by the various markers (see legend in
inset). The grey lines of constant spectral energy density are shown for
reference, labelled in units of erg Hz−1.

for a significant difference to be perceived. Similarly, the Meer-
TRAP FRB sample consists of the FRBs detected in the incoher-
ent and coherent beams (Jankowski et al. 2023). These have dif-
ferent fields of view and sensitivities, but with the current sam-
ple size it is not possible to reveal any significant differences.
This shows Apertif is sensitive to a more dispersed, more distant
population of FRBs than ASKAP. Hints of a similar difference
emerge for DSA-110 (pKS = 0.061). These differences are also
discernible in Fig. C.4.

Earlier surveys compared FRB fluences against their extra-
galactic DMs, to show that bright, nearby FRBs have energies
comparable to the more distant, fainter FRBs (Shannon et al.
2018; Farah et al. 2019; Niu et al. 2021). The Apertif sample
agrees, as visible in Fig. 23. For guidance, the grey lines rep-
resent the equivalent isotropic energy density that FRBs would
have assuming the IGM DM contribution from Zhang (2018)
and the cosmological parameters from Planck Collaboration VI
(2020). We adopt an observed host galaxy contribution to the
DM of 50/(1 + z) pc cm−3 for consistency with Shannon et al.
(2018) and Petroff et al. (2019). The Apertif FRBs are located
between the Parkes and the UTMOST FRB samples within the
fluence-excess DM plane, while overlapping the FRBs from the
First CHIME/FRB Catalog. This is in agreement with the DM
distributions shown in Fig. C.4 and the fluence-dependent rates
presented in Fig. 24.

The Apertif sample contains the FRB with the third largest
DM known to date, at an energy comparable to the largest
observed by other surveys (see Fig. 13). FRB 20200719A orig-
inated at zMacquart ∼ 3.26+0.62

−1.35 (Sect. 5.1.7). The maximum
cosmic star formation rate (CSFR) took place at z ∼ 2
(Madau & Dickinson 2014); FRB 20200719A could thus have
been emitted beyond the CSFR peak. Previous works have com-
pared the CHIME/FRB DM distribution to cosmic evolution
models, and have found it does not appear to track the star forma-
tion history of the Universe (Qiang et al. 2022; Zhang & Zhang
2022). As most FRB progenitor models are based on or related to
stellar populations, and given that the CSFR decreases by over an
order of magnitude from its peak to the current era, we find those
results surprising. Recently, however, Wang & van Leeuwen
(2024) combined for the first time a full multi-dimensional
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in the legend and main text.

Markov chain Monte Carlo search around the population syn-
thesis code of Gardenier et al. (2019), with the inclusion of the
full set of CHIME one-off FRBs. They find strong evidence that
the FRB number density follows the CSFR. Detecting additional
FRBs like FRB 20200719A at very large DMs and thus redshifts
will better constrain the FRB rate evolution with redshift. Com-
paring the FRB host galaxy properties to that of other astro-
physical transients has proved useful in constraining the poten-
tial FRB progenitors (Heintz et al. 2020; Safarzadeh et al. 2020;
Mannings et al. 2021; Bhandari et al. 2022); the redshift distri-
bution, combined with the highest FRB luminosities, could pro-
vide with additional information to rule out some of the current
FRB progenitor models. Detecting transients associated with
such high-z FRBs in other wavelengths is currently challeng-
ing through. The most distant short Gamma-ray burst (SGRB)
was found at a redshift of z ∼ 2.2 (Selsing et al. 2018) while
core-collapse supernovae (CCSN) have been found up to z ∼ 2.4
(Cooke et al. 2009). If a link is established between FRBs and
any such transients, high-DM bursts might help establishing the
cosmic evolution of their progenitors.

6.1.5. Scintillation

Scintillation is measurable in 11 out of the 24 FRBs, with band-
widths ∆νsc ranging from 0.8 to 9.3 MHz, as shown in Fig. 19.
While generally falling within the error of 40% that we assume
on the YMW16 and NE2001 models, the measured bandwidths
exceed the MW contribution predictions in most cases. This
might indicate the electron density along the LoS fluctuates less
than predicted by these models. The YMW16 predicted scintil-
lation is generally also lower than the Apertif measured values.
This may be explained by the way the model predicts the scat-
tering/scintillation values; it uses the τsc–DM relation instead
of modelling the electron density fluctuations along the LoS
(Yao et al. 2017). Alternatively, this might be related to the dif-
ference between the plane wave approximation, appropriate for

distant FRBs, and the spherical wave approximation used for
galactic pulsars. The plane wave approximation, which assumes
weaker scattering, results in a broader scintillation bandwidth,
by a factor of ∼2, compared to the stronger scattering of spher-
ical waves (Lambert & Rickett 1999). In any case, the scintilla-
tion measurements of Apertif FRBs can prove useful in better
constraining the Milky Way electron distribution, especially at
high Galactic latitudes where there is a dearth of pulsars.

In Fig. 21, we plot the Apertif scintillation bandwidths con-
verted to scattering timescales through Eq. (10), as a function of
the expected Galactic contribution to DM (since we expect the
scintillation to be produced in the MW). The measured values
do not follow the τsc – DM relation from Bhat et al. (2004) and
Cordes & Chatterjee (2019) for Galactic pulsars. Since pulsars
generally lie in the Galactic plane, they probe a more inhomoge-
neous medium than the Galactic halo encountered by most FRBs
(Ocker et al. 2021). It is thus understandable that FRBs do not
follow the same relation as pulsars.

6.2. Multi-component bursts

Seven out of the 24 detected bursts display more than one dis-
cernible component. Our system thus finds ∼30% of the bursts
at 1370 MHz are multi-component. Of those, three can be well
fitted by two components (FRB 20190709A, FRB 20191109A,
and FRB 20200321A; see Sect. 5.1.13); FRB 20200216A is the
only one displaying three distinct components; FRB 20200518A
and FRB 20210530A are well fitted by four components,
and finally FRB 20201020A has five distinct components
(Pastor-Marazuela et al. 2023).

In the morphology study of the First CHIME/FRB Cat-
alog bursts, Pleunis et al. (2021a) find that only about 5%
of one-off bursts contain multiple components. However,
CHIME/FRB Collaboration (2024) recently published the base-
band data for 140 of the bursts from their first catalogue, includ-
ing both one-offs and repeaters. Although no updates on the mor-
phological fractions have been reported yet, by visually examin-
ing the published dynamic spectra we determined that ∼37± 319

of the bursts from the 130 one-off FRBs in the sample show com-
plex, multi-component morphologies. This would imply a ∼28%
fraction of multi-component FRBs, in agreement with the Aper-
tif multi-component fraction.

We can nevertheless compare the reported multi-component
bursts from the First CHIME/FRB Catalog to the Apertif
bursts. While the CHIME/FRB mean subcomponent separation
is ∼7.3 ms, with Apertif we observe a mean separation between
burst subcomponents of 1.2 ms. This difference can be explained
by the time resolution used in the FRB searches for the First
CHIME/FRB Catalog of 0.983 ms (CHIME/FRB Collaboration
2021). In order to better assess the observed subcomponent sep-
aration distribution for one-off FRBs, we built histograms of
the subcomponent separations and fitted them to a lognormal
distribution, as given by Eq. (12). When estimating the sepa-
ration distribution parameters from the Apertif bursts only, we
find a scale parameter m = 0.8 ± 0.2 ms and a shape parameter
σ = 0.9 ± 0.2, while for CHIME/FRB we find m = 5.8 ± 0.2 ms
and σ = 0.57 ± 0.03. To obtain the joint distribution, we nor-
malise each of the instruments histograms; we divide the Apertif
histogram by the total number of subcomponents in the Apertif

19 Since we determined the multi-component FRBs by eye, the uncer-
tainty comes from the bursts where we could not determine whether a
component was real or noise, or when a pulse profile had a single com-
ponent that did not fit a simple (scattered) Gaussian.
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sample (39 subcomponents), and we do the same for the
CHIME/FRB sample (506 subcomponents). We add the two nor-
malised histograms and fit them to a lognormal distribution,
where we find the parameters m = 0.9±0.2 ms and σ = 1.1±0.3,
as shown in the lower panel of Fig. 18.

At lower frequency, scattering is likely to blur together
closely spaced subcomponents, and thus one would expect the
observed fraction of multi-component FRBs to decrease with
frequency, if the intrinsic subcomponent fraction remains the
same. We must consider however the selection effects that the
CHIME/FRB baseband pipeline could have on the observed pop-
ulation, since only bursts with S/N> 10–12 have a baseband trig-
ger, compared to the S/N> 8 trigger threshold to store the inten-
sity data. These different thresholds could be producing a bias in
the multi-component fraction of their observed population.

Comparing, now and in the near future, the fraction of multi-
component FRBs at different frequencies might provide with
important clues about the FRB emission mechanism. Proving
this fraction changes at a level inconsistent with smearing due
to scattering or instrumental effects, would support the exis-
tence of frequency-dependent morphology for the population
of one-off FRBs. Such frequency-dependent effects are seen in
radio pulsar profiles, and are there thought to reflect the change
in emission height of the pulsar beam, the so-called radius-to-
frequency mapping (RFM; see, e.g. Cordes 1978). This RFM has
been suggested to explain the drift rate evolution with frequency
observed in repeating FRBs (Lyutikov 2020; Tong et al. 2022;
Bilous et al. 2022). Observing a similar frequency-dependent
relationship in one-off FRB pulse components would provide
further evidence for a neutron-star origin for FRB emission.

The Apertif FRB components have an average width of
∼0.5 ms, while for CHIME/FRB it is ∼1 ms. In pulsars, the
observed profile (and component) width over this same fre-
quency range of 1.4–0.4 GHz evolves too, by an increase of
∼20% (Table 1 in Kijak & Gil 1997). If this difference persists
when CHIME/FRB collects a larger sample of FRBs with base-
band data, this would indicate the evolution of FRB component
width versus frequencies is of at least the same scale, if not more,
as that seen in pulsars.

In Karastergiou & Johnston (2007), the profile classification
of more than 250 pulsars revealed that 60% of young, fast-
spinning, and highly energetic pulsars show single-component
average profiles while 40% show double-component profiles,
while for older, slower, and less energetic pulsars 45% are sin-
gle profile, and the rest are either double- or multi-component.
Although we did not find any current estimates of the radio burst
morphology distributions from the magnetar population, obser-
vations reveal complex radio bursts to be prevalent (Maan et al.
2022; Caleb et al. 2022; Kramer et al. 2023). The morphological
similarities between radio-loud neutron stars and the observed
FRBs suggest a link between the emission process of these phe-
nomena.

We note that the Apertif sample consists entirely of one-
off FRBs that have not been seen to repeat. While many pre-
vious morphological studies have focused on samples of bursts
from known repeaters (e.g. Hewitt et al. 2022; Platts et al. 2021;
Sand et al. 2022), the large fraction of multi-component bursts
in a self-consistent sample of one-off FRBs is still relatively new
(although a smaller sample of ASKAP FRBs already hinted at
this; Cho et al. 2020; Day et al. 2020). Ultimately, larger sam-
ples of high time resolution one-off FRBs detected by other facil-
ities will be needed to fully contextualise the Apertif sample,
as no further studies can be done with Apertif itself. However,
we encourage other surveys to further explore the morphologi-

cal properties of one-off FRBs, as has been done by Faber et al.
(2023). For large numbers, finding the patterns or groups that
underlie the burst shapes could be done with unsupervised meth-
ods such as those proposed in Vohl et al. (2024).

6.3. Polarisation

Of the 24 ALERT FRBs, 16 triggered a dump of the full Stokes
parameters (Fig. B.1). Of these, eight have measurable RMs,
ranging from ∼120 rad m−2 to ∼2050 rad m−2 in absolute value
(see Table B.1). The sample includes the one-off FRB with the
second largest |RM| ever reported (after FRB 20221101A from
Sherman et al. 2024); FRB 20200216A, with RM =−2051.0 ±
5.8 (see Fig. 8). When converting the RM to the expected red-
shift range, zMacquart = 0.44+0.12

−0.24, and after removing the expected
MW contribution, this becomes RMhost = −4200+1300

−800 rad m−2.
FRB 20200514A, with an RM of 966.1 ± 20.5 rad m−2, although
ambiguous, has the second largest |RM| in our sample, but it
is expected to have the largest RM in the reference frame at
zMacquart = 1.35+0.30

−0.66; RMhost = 6500+2000
−3200 rad m−2.

The bursts have an average linear polarisation fraction L/I =
43 ± 28%, while the average circular polarisation fraction is
V/I = 9 ± 8%, with the errors giving the standard deviation, if
we consider all Apertif FRBs with IQUV data. If we consider
only the bursts where we did not force the circular polarisa-
tion to be zero, we get L/I = 35 ± 27% and V/I = 10 ± 6%,
which is compatible with the whole sample. Two FRBs have
linear polarisation fractions >80%; these are FRB 20191108A
(Connor et al. 2020) and FRB 20210124A. While the first one
has a large RM value of ∼473 rad m−2, the latter has no measur-
able RM within the observing bandwidth. The two FRBs with
the lowest linear polarisation fractions are also the two most scat-
tered bursts with full Stokes data, namely FRB 20200322A with
τsc = 4.2 ± 0.4 ms and L/I = 3 ± 6%, and FRB 20200323C with
τsc = 1.3 ± 0.1 ms and L/I = 6 ± 3%. This could be explained,
for instance, by the propagation through a magnetised inhomo-
geneous plasma screen (see the discussion in Sect. 6.3). None
of the bursts have large levels of circular polarisation, with the
highest fractions being V/I = 21± 9% for FRB 20200514A, and
29 ± 17% for FRB 20200518A. We note, however, that we have
calibrated some of the bursts by assuming their circular polari-
sation fraction to be zero in cases where we saw oscillations in
the sign of the V intensity, which could bias our results.

The PPAs of the bursts with sufficient L signal primar-
ily appear to be flat, and in the case of FRB 20200518A
even within the two subcomponent groups. In some of the
bursts, one or two of the time samples seem to jump up
and down in PPA, although this could be produced by noise;
see FRB 20200419A, FRB 20200514A, and FRB 20210530A.
FRB 20200216A presents a pronounced decrease in PPA of
∼20◦, while the PPA of FRB 20210127A appears to decrease
by ∼5◦ and that of FRB 20210317A increases by ∼6◦.
FRB 20200213A shows an erratic PPA behaviour, which might
be explained by the low linear polarisation fraction.

We can classify the polarisation fractions of these 16 FRBs
into the four subgroups from Sherman et al. (2024). These sub-
groups were determined empirically based on 25 DSA-110
bursts, and they are the following: linearly polarised if L/I >
70% and V/I < 30%, circularly polarised if V/I > 30%, par-
tially depolarised if 35% < L/I < 70% and V/I < 30%, and
unpolarised if L/I < 35% and V/I < 30%. Our sample contains
FRBs in three categories: 4/16 are linearly polarised, 6/16 are
partially depolarised, and 6/16 are depolarised. The fraction of
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Apertif FRBs with (partial) linear polarisation of 62.5% is con-
sistent with the 68% fraction found by DSA-110 (Sherman et al.
2024), as well as with the ∼70% fraction found in 128 bursts
from CHIME/FRB (Pandhi et al. 2024).

The two FRBs with the lowest polarisation fractions,
FRB 20200322A and FRB 20200323C, also have the largest
scattering timescales of the bursts with full Stokes data. This
could be explained if linearly polarised bursts travelled through
an inhomogeneous magneto-ionic environment in the vicinity of
the source, which would produce depolarisation as well as scat-
tering. This effect has been proposed to explain the depolarisa-
tion of repeaters at low frequencies by Feng et al. (2022). They
determine an empirical linear correlation between the RM scatter
σRM and the scattering timescale τsc, where σRM can be obtained
from the depolarisation fraction fRM with the following equiva-
lence:

fRM ≡ 1 − e−2λ4σ2
RM . (15)

The Apertif bursts with Stokes data and scattering timescale
appear to follow the same relation. However, the upper limit on
the scattering timescales for some of these bursts would place
them below the limits of the expected relation. This could sup-
port the suggestion from Pandhi et al. (2024) that one-off FRBs
do not always have an intrinsic 100% linear polarisation fraction.
None of the Apertif FRBs show evidence for depolarisation at
lower frequencies within the available bandwidth, so we cannot
test for the σRM and |RM| observed in Feng et al. (2022).

It is noteworthy that the polarisation fraction of the Apertif
FRBs overlap with what has been reported for a sample of 35
young and energetic pulsars observed for the thousand-pulsar-
array (TPA) program with MeerKAT (Serylak et al. 2021). The
linear polarisation fraction of the latter have a median and stan-
dard deviation of 49% and 27% respectively, while for ALERT
FRBs it is 43% and 27%. The circular polarisation fraction, on
the other hand, have a mean and standard deviation of 9% for
TPA and 9% and 8% respectively for ALERT FRBs. This is fur-
ther evidence for the potential link between young, high-energy
pulsars and one-off FRBs.

The Apertif FRB sample contains some of the highest
RMs ever observed in one-off FRBs, including FRB 20200216A
with RM =−2051 rad m−2, as can be visualised in Fig. 2520.
Although no one-off FRB has been yet found to have
an RM as extreme as that observed for the repeaters
FRB 20121102A (Hilmarsson et al. 2021) or FRB 20190520B
(Anna-Thomas et al. 2023), we compared the RMs of repeaters
and one-offs using a Kolmogorov–Smirnov (KS) test. We find a
p-value of 0.51 if we compare the observed RMs, while the p-
value is 0.61 if we correct the RMs for redshift with Eq. (8). This
indicates that the current sample of one-off and repeater RMs
could have been drawn from the same distribution, implying that
both FRB classes could be produced in environments with simi-
lar magneto-ionic properties. Pandhi et al. (2024) reach a similar
conclusion using the CHIME/FRB polarisation sample, in line
with the more general finding in Gardenier et al. (2021), based
on a wider range of burst characteristics, that all FRBs originate
from a single and mostly uniform population.

If we compare the observed RMs of one-off FRBs from
Apertif, Sherman et al. (2024), and references therein to galac-
tic pulsars, we obtain a KS p-value = 0.48, suggesting that the
distributions are compatible too. However, if instead we com-
pare the redshift-corrected RMs, the p-value is 0.003, indicating
20 The CHIME/FRB RMs from Pandhi et al. (2024) have not been
included since the paper is currently under review and their tables are
not available digitally yet.
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Fig. 25. Observed RM of one-off and repeating FRBs compared to
Galactic pulsars as a function of DM. The green circles show the
observed Apertif RMs, the grey dots are the measured pulsar RMs from
Han et al. (2018), the blue squares are the ASKAP one-off FRBs, the
orange circles from CHIME/FRB, the yellow diamonds from DSA-110,
and the pink triangles from Parkes FRBs. The mean measured repeater
RMs are shown as black stars with error bars showing the observed RM
ranges of each source.

that the RMs have been drawn from different distributions. This
reveals that one-off FRBs could originate from environments
more extreme than those where pulsars are usually located.
Although RMs of the order of |RM| ∼ 100 rad m−2 might be
expected from FRBs originating from MW-like host galaxies
with HII regions, reaching 103−105 rad m−2 would require the
FRB to be emitted from a supernova remnant (SNR) or from a
HII region (Hackstein et al. 2019). Hence, a significant fraction
of one-offs must be produced from within these environments
to explain the observed Apertif RMs. Detecting further one-off
FRBs with such extreme RMs might be easier in high-frequency
observations, since the RM oscillations in Q/U become stronger
at lower frequencies, and might not be resolvable at the instru-
ment’s frequency resolution.

6.4. All-sky FRB rates and fluence distribution

In ALERT, we discovered 24 new one-off FRBs in 5259 h of
observing time, an average of one FRB every 9.1 days. Given
the effective Apertif FoV of 8.2 deg2 (van Leeuwen et al. 2023),
the all-sky rate for N detected FRBs is

R (sky−1day−1) = N ×
24 h day−1 × 41253 deg2sky−1

5259 h × 8.2 deg2 (16)

with N = 24 FRBs, R = 550+220
−170 sky−1 day−1, with 90% Poisson

errors (Gehrels 1986). The rate is consistent with our estimate
from van Leeuwen et al. (2023), based on the first 5 Apertif FRB
detections, of 700+800

−400 sky−1 day−1.
To be meaningful, burst rates must be accompanied by a flu-

ence completeness threshold. In van Leeuwen et al. (2023), we
determined this threshold from the typical Apertif SEFD. Here
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Fig. 26. Fluence power-law index γ as a function of the median DM,
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we fit a broken power-law to our cumulative fluence distribution
(see Fig. 24), and we assume the power-law break corresponds
to the completeness threshold Flim:

N(> F) =

{
C(F/Flim)γ0 , if F < Fb

C(F/Flim)γ, otherwise,
(17)

with C a constant, and γ0 and γ the power-law indices below
and above the threshold. We find a fluence completeness thresh-
old of Flim = 4.1 ± 0.2 Jy ms, with N = 20 FRBs above
the threshold. Using Eq. (16), this yields an FRB all-sky rate
at 1370 MHz of R1370(F ≥ 4.1 Jy ms) = 459+208

−155 sky−1 day−1.
Furthermore, we determine a fluence distribution power-law
index of γ = −1.23 ± 0.06, where we quote the 1σ sta-
tistical error from the fit. We estimate a systematic error
of 0.2 on γ.

We use the resulting power-law to compare our subse-
quent all-sky rate to the estimates made by other surveys at
their respective fluence completeness thresholds. In Fig. 24
we plot the all-sky rates from the ASKAP fly’s-eye search
(F > 26 Jy ms; Shannon et al. 2018), the Parkes HTRU (F >
2 Jy ms; Champion et al. 2016) and SUPERB (F > 2 Jy ms;
Bhandari et al. 2018) surveys, the UTMOST survey (F >
8 Jy ms; Farah et al. 2019), MeerTRAP coherent and incoher-
ent (F > 0.66 Jy ms and F > 3.44 Jy ms, respectively;
Jankowski et al. 2023), and the First CHIME/FRB Catalog (F >
5 Jy ms; CHIME/FRB Collaboration 2021).

The Apertif all-sky rate is comparable to most of these sur-
veys when accounting for their fluence sensitivity thresholds;
The UTMOST rate at 843 MHz agrees within 3σ, but this rate is
obtained from a smaller burst sample. We thus see no evidence
for an evolution of the FRB rate with frequency.

In a non-evolving, constant density Euclidean Universe, the
expected power-law index of the fluence distribution observed
with a perfect telescope is γ = −1.5. Although our observed
power-law index appears to be flatter, we cannot rule out that
it is consistent with the Euclidean prediction within systematic
errors. We can compare the Apertif γ = 1.23 ± 0.26 to what
has been reported by other FRB surveys, as shown in Fig. 26.
Bhandari et al. (2018) reported γ = −2.2+0.6

−1.2 for the Parkes burst
sample, while Shannon et al. (2018) determined γ = −2.1+0.6

−0.5

for the ASKAP sample. James et al. (2019) later reanalysed
these two FRB samples and determined the Parkes index to be
γ = −1.18 ± 0.24 and ASKAP to be γ = −2.2 ± 0.47. While the
combined power-law index of both surveys is γ = −1.55 ± 0.23,
consistent with the Euclidean Universe, they are inconsistent
with each other at 2.6σ. This discrepancy was interpreted as a
difference in the cosmological population observed by each of
these surveys, with ASKAP seeing nearby sources and Parkes
more distant ones, following the average DM of each burst sam-
ple (see Fig. C.4 and Table 1). Meanwhile, the index determined
from the First CHIME/FRB Catalog is γ = −1.40 ± 0.11+0.060

−0.085,
in agreement with the Euclidean prediction and in between the
Parkes and ASKAP values (CHIME/FRB Collaboration 2021).
This appears to concur with the average DM of the CHIME/FRB
sample compared to the other two surveys. These studies seemed
to reveal an apparent increasing median-DM/power-law-index
trend observed in the other surveys, which the Apertif FRBs
also follow; the fluence cumulative distribution appeared to be
flatter for a sample of FRBs with larger DMs and thus red-
shifts. However, recent results from MeerTRAP find power-
law exponents of −1.7+0.2

−0.3 and −1.8+0.3
−0.3 respectively for the

incoherent (median DM∼ 570 pc cm−3) and coherent (median
DM∼ 1080 pc cm−3) surveys (Jankowski et al. 2023), which is at
odds with the aforementioned trend. Furthermore, when subdi-
viding the CHIME/FRB catalogue into high- and low-DM FRBs
(above and below 500 pc cm−3), these subsamples also follow
the opposite trend; the high-DM sample has γ = −1.75 ± 0.15
and the low-DM sample γ = −0.95 ± 0.15. We note that over-
all, a number of selection effects modify the single intrinsic γ
into the observed one, which may then differ among surveys.
At lower fluences, surveys become varyingly incomplete while
FRBs at high fluences might be misidentified as RFI by cer-
tain processing choices. Pulses may be more easily detectable
if they are intrinsically wide and bright, but harder to find if their
width is result from dispersion smearing and scattering. These
effects, discussed in Connor (2019), among others, are simulated
in Wang & van Leeuwen (2024), for example. On average, the
FRB sample observations mentioned in this section seem to be in
agreement with the Euclidean Universe prediction. Future FRB
detections and power-law index measurements will provide with
important information about how the FRB population evolves
with redshift.

6.5. Higher-frequency emission

Although repeating FRBs have been observed to shine at fre-
quencies as high as 8 GHz (Gajjar et al. 2018), no one-off FRBs
have been reported above the L-band (Petroff et al. 2022). Since
the observed FRB radio frequency νobs gets redshifted with dis-
tance, we can estimate the intrinsic, rest-frame frequencies at
which these FRBs were emitted, ν0,max, from their expected red-
shifts: ν0,max = νobs(1 + zMacquart). For localised FRBs, we use
the host galaxy redshift instead. We plot the rest-frame frequen-
cies as a function of the estimated FRB isotropic energy (Eq. (9)
from Zhang 2018) for all FRBs in the TNS database in Fig. 13,
and we find 16 FRBs for which the estimated intrinsic emis-
sion frequency is >3 GHz; four from Apertif, eight from Parkes,
three from FAST (Zhu et al. 2020; Niu et al. 2021), and one from
MeerTRAP (Rajwade et al. 2022). For the FRB 20200719A pre-
sented in this work (Sect. 5.1.7 and CDS Table), and for the
Parkes FRB 20160102A (Bhandari et al. 2018), the estimated
emission frequency is >5 GHz. The detection of high-DM one-
off FRBs in the L-band thus indicates that bursts are commonly
emitted at higher frequencies.
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Interestingly, a significant number of individual radio-
loud magnetars are also observable at high frequencies
(see e.g. Levin et al. 2012), more than normal radio pul-
sars. There is also population-based evidence of overlap
in high-frequency behaviour between FRBs and magnetars
(Gardenier & van Leeuwen 2021). Our detection of emission at
an inferred frequency >5 GHz strengthens the case that FRBs are
emitted by magnetar-like sources.

The strong correlation visible in Fig. 13, between the rest-
frame frequency and the FRB isotropic energy, can be well
explained by the selection effect caused by the equivalence
between the redshift and distance, that together determine in
which frequency the FRBs are observed. The correlation is
also related to the fluence threshold of each telescope. Less
energetic high-frequency FRBs most likely exist too, and fill
the top left part of the Fig. 13 parameter space, but the cur-
rent low- and mid-frequency surveys cannot easily detect those.
Nevertheless, if FRBs had steep, declining spectral indices, a
source like FRB 20200719A could not exist. Our finding that
an FRB can produce Eiso = 9.0 × 1041 erg above 5 GHz means
the spectral index of FRBs cannot be too steeply negative. A
quantitative assessment of the allowed values can only come
from multi-survey population modelling (as discussed in e.g.
Wang & van Leeuwen 2024).

6.6. Motivation for future observations

Our finding that FRBs emit at higher frequencies makes searches
for local FRBs in the S -band (2–4 GHz) and above increas-
ingly interesting. Although the smaller FoVs at higher fre-
quency reduce the raw detection rates, the beams shrink equally,
enhancing localisation. When enough beams are formed and
searched, interferometric S -band searches, for example using the
MeerKAT 1.75–3.5 GHz system (Kramer et al. 2018), could be
fruitful.

While Apertif operations have ceased and the ALERT survey
has finished, the science case for continued GHz FRB search-
ing remains strong. From a larger sample of real-time detec-
tions, with immediate alerting and repointing of lower-frequency
observatories, we can determine the emission bandwidth of one-
off FRBs, and understand their emission mechanism. Based on
the work presented here, a larger sample of 1.4 GHz bursts could
be investigated specifically for scattering and multi-component
bursts. Such a system could be implemented as a coarse, total-
intensity real-time search that preserves baseband data for detec-
tions. While the one-dimensional nature of the WSRT allowed
for full-field beamforming, it did limit the overall localisation
precision. Up to now, 2D interferometers equipped with PAFs
(i.e., ASKAP) have not been able to tile out the complete pri-
mary beam with TABs, reducing the sensitivity (either through
incoherent beamforming, or through the longer integration times
in imaging mode). The ∼ms integration upgrade to ASKAP for
coherent FRB detection over the entire FoV will increase detec-
tion rates while also providing good localisation (Bannister et al.
2024).

As each WSRT dish has a large collecting area for a “large
number–small diameter” array, improvements to the front ends
can be a cost-effective way to increase the system sensitivity.
Cryogenically cooled PAFs combine the strengths of the current
system with reduced SEFD (Navarrini et al. 2018; Pingel et al.
2021). Such a successor to Apertif would increase the detection
rate by a factor ∼4, and provide better localisation through the
higher detection S/N.

7. Conclusions

In this work we reported the discovery of 18 new, so-far one-off,
FRBs, and analysed the properties of the total of 24 bursts that
were detected during the ALERT Apertif FRB survey between
July 2019 and February 2022. For each FRB, we determined the
localisation region and expected redshift range and performed
a flux calibration. We evaluated their morphology, determining
the number of components and the spectral properties, and we
studied the propagation effects by verifying the presence of a
resolved scattering tail in time and a scintillation pattern in fre-
quency.

We localised each FRB to a narrow ellipse (5′′−20′′ wide)
whose area depends on the detection S/N and the number of
CBs where it was detected. The average localisation area is
∼5 arcmin2. For five new FRBs with a high S/N and a low DM,
namely FRB 20200210A, FRB 20200419A, FRB 20200518A,
FRB 20210317A, and FRB 20211024B, we found a small num-
ber of host galaxy candidates in the Pan-STARRS DR1 cata-
logue, ≤5; one of the galaxies has a PATH probability of being
associated with the FRB >50%. In the case of FRB 20200419A,
we found a single host galaxy candidate with P(G1|x) = 70%.
For the remaining FRBs we expected too many galaxies within
their comoving volume to uniquely identify the host galaxy.

The dispersion measure of our FRB sample resembles that
of the Parkes (Champion et al. 2016; Bhandari et al. 2018),
UTMOST (Farah et al. 2019), and MeerTRAP (Jankowski et al.
2023) FRBs. The median DM is around 100–200 pc cm−3 higher
than the CHIME/FRB (CHIME/FRB Collaboration 2021),
ASKAP (Shannon et al. 2018; Macquart et al. 2020), and DSA-
100 (Law et al. 2024) samples. For the ASKAP sample, we
cannot rule out that the DMs have been drawn from a dif-
ferent intrinsic distribution than the Apertif FRBs. The larger
Apertif DMs allow Apertif to observe a more distant popula-
tion of FRBs than ASKAP. Furthermore, one of the Apertif
bursts, FRB 20200719A, has the third-largest DM of any FRB
published to date, with DM∼ 2778 pc cm−3. Its derived redshift
z ∼ 3 implies that one-off FRBs also emit above 5 GHz, a fre-
quency similar to magnetar bursts, and could be detected in the
S -band. In the future, a large sample of highly dispersed FRBs
such as this one will help us determine the FRB rate as the Uni-
verse evolved.

We find the observed scintillation bandwidth of most FRBs
to be compatible with the expected Milky Way contribution from
the NE2001 model within errors, although in many cases the
measured values tend to be larger. Since most FRBs are detected
at high Galactic latitudes, this might be evidence that the MW
ISM at high Galactic latitudes is more uniform than models
predict, which is evidence that FRBs could be valuable tools
for improving our knowledge on the Galactic electron density
distribution.

For 16 out of the 24 FRBs, ARTS triggered the capture of
full Stokes data. The distribution of polarisation characteristics
of these FRBs (linear, circular, depolarised) is similar to that seen
in young, energetic pulsars. Several of these FRBs show extreme
RM values, which could reach |RM|> 1000 rad m−2 in the source
reference frame, supporting the idea that some one-off FRBs are
embedded in extreme magneto-ionic environments.

A significant fraction of the FRBs display a scattering tail
>0.2 ms at 1370 MHz. Most of these τsc are hence above the
CHIME/FRB scattering sensitivity limit of 10 ms at 600 MHz,
accounting for the difference in frequency. They thus reveal a
population of highly scattered bursts unlikely to be detected
at lower frequencies. Such large scattering timescales could
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be produced either in the burst environment or an intervening
galaxy within the LoS (Chawla et al. 2022). For low-redshift
FRBs (z . 1), the low chances of intersecting a galaxy with a
small impact parameter make a dense circumburst environment
the most likely explanation. In the case of FRB 20200210A,
the large scattering tail allows us to estimate its redshift to be
z ∼ 0.11 from a joint scattering-DM analysis (Cordes et al.
2022). From the simultaneous presence of scattering and scin-
tillation, we can put an upper limit constraint of 2 kpc between
the FRB and a first scattering screen. This confirms the observed
scattering was produced within the host galaxy. Fast radio burst
surveys at high frequencies, such as ALERT, offer the oppor-
tunity of studying FRBs produced in dense environments that
would not be detectable at lower frequencies due to the increased
scattering timescales and thus lower S/N. We hypothesise these
dense environments to be the star-forming regions or supernova
remnants around FRB-emitting neutron stars. This is corrobo-
rated by the very high RMs we find in a number of one-off FRBs.

Roughly ∼30% of the bursts are composed of mul-
tiple components. Worth mentioning are the structures
of FRB 20200216A, FRB 20200518A and FRB 20210530A,
which display more than two subcomponents each. None
shows evidence of (quasi-)periodic behaviour similar to that
seen in FRB 20201020A (Pastor-Marazuela et al. 2023). The
∼30% fraction appears to be consistent with the multi-
component fraction observed in the CHIME/FRB baseband
data (CHIME/FRB Collaboration 2024), which is unexpected
since the stronger scattering at lower frequencies should blur
together closely spaced subcomponents. Interestingly, the multi-
component fraction is similar to that seen in pulsars. Fur-
ther morphological studies at different bandwidths will reveal
whether an evolution of the multi-component fraction or separa-
tion exists, which will shed light on the emission mechanism of
FRBs.

We conclude that high time and frequency resolution, as pro-
vided by Apertif, combined with polarisation and localisation
capabilities, are essential for making progress in our understand-
ing of FRBs. Our comprehensive analysis of this set of Apertif
discoveries, one of the largest uniform samples at 1.4 GHz to
date, shows striking similarities between FRBs and young, ener-
getic neutron stars.

Data availability

The table containing the FRB properties is available at
the CDS via anonymous ftp to cdsarc.cds.unistra.fr
(130.79.128.5) or via https://cdsarc.cds.unistra.fr/
viz-bin/cat/J/A+A/693/A279. Appendices B and C can
be accessed on Zenodo: https://zenodo.org/records/
14120195.
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Appendix A: Localisation and host galaxies

In Fig. A.1 we show the localisation region and host galaxy
candidates within them for FRBs with localisation areas
<6 arcmin2. In Table A.1, we present the galaxies identified
within the error regions for those FRBs with ≤ 5 host galaxy
candidates, as well as the resulting association probabilities
from the PATH analysis.
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Fig. A.1. Localisation regions of the new Apertif FRBs with an error region <6 arcmin2. In each subplot, the pink contour represents the 99%
confidence region of the localisation, and the pink star the centroid of the error region. The circles show the PS1-STRM galaxies identified within
or close to the error region and redshift range of each FRB, with colours from blue to red as redshift increases. The text on top of each plot
gives the TNS identifier of each FRB, and the bottom text the DM in units of pc cm−3. The background images are from the PanSTARRS DR1
(Chambers et al. 2019). In each plot, the grids are spaced by 2 arcmin in declination.

A279, page 28 of 30



Pastor-Marazuela, I., et al.: A&A, 693, A279 (2025)

19h41m48s 36s 24s 12s 00s

58°58'

56'

54'

52'

Right ascension

D
ec

lin
at

io
n

FRB 20210124A

DM = 868.3

16h50m06s 00s 49m54s 48s 42s

26°40'

38'

36'

Right ascension

D
ec

lin
at

io
n

FRB 20210127A

DM = 891.2

19h36m48s 36s 24s 12s 00s

59°54'

52'

50'

Right ascension

D
ec

lin
at

io
n

FRB 20210317A

DM = 466.5

22h09m10s 00s 08m50s 40s

16°36'

34'

32'

30'

28'

Right ascension

D
ec

lin
at

io
n

FRB 20210530A

DM = 1000.3

13h20m50s 40s 30s 20s

42°32'

30'

28'

Right ascension

D
ec

lin
at

io
n

FRB 20211024B

DM = 509.4

Fig. A.1. continued.
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Table A.1. Host galaxy candidates and association probability for FRBs with ≤ 5 galaxies within the error region.

FRB ID Galaxy name zphot rr (") mr P(O) P(O|x)

FRB 20200210A
G1 PSO J283.5110+46.3322 0.11 ± 0.01 6.1 18.0 0.924 0.580
G2 PSO J283.5087+46.3348 0.40 ± 0.08 3.3 21.0 0.040 0.003
G3 PSO J283.5028+46.3205 0.46 ± 0.06 2.9 21.5 0.025 0.289
U 0.01 0.129

FRB 20200216A

G1 PSO J332.0996+16.6087 0.49 ± 0.07 2.6 21.4 0.325 0.424
G2 PSO J332.0953+16.5341 0.51 ± 0.20 2.5 22.3 0.138 0.004
G3 PSO J332.1018+16.6091 0.52 ± 0.09 2.4 21.6 0.265 0.370
G4 PSO J332.0976+16.5926 0.56 ± 0.32 2.4 22.1 0.171 0.139
U 0.1 0.064

FRB 20200419A G1 PSO J285.2463+81.7361 0.15 ± 0.03 3.5 19.6 0.999 0.704
U 0.001 0.296

FRB 20200518A
G1 PSO J144.1948+77.3261 0.08 ± 0.03 4.6 19.9 0.350 0.415
G2 PSO J144.2179+77.3481 0.08 ± 0.02 4.6 19.4 0.640 0.557
U 0.01 0.028

FRB 20200719A
G1 PSO J139.6135+77.4537 0.81 ± 0.96 2.4 22.7 0.048 1.8 × 10−4

G2 PSO J139.6677+77.3898 1.45 ± 0.51 3.7 22.6 0.052 0.101
U 0.9 0.899

FRB 20210317A

G1 PSO J294.1082+59.8453 0.15 ± 0.05 3.2 20.0 0.391 0.541
G2 PSO J294.1097+59.8285 0.15 ± 0.06 4.5 19.9 0.412 0.350
G3 PSO J294.1028+59.8412 0.30 ± 0.05 2.4 20.7 0.186 0.088
U 0.01 0.021

FRB 20211024B

G1 PSO J200.1431+42.4925 0.24 ± 0.07 2.9 20.5 0.194 0.235
G2 PSO J200.1445+42.4911 0.24 ± 0.02 5.2 19.4 0.604 0.609
G3 PSO J200.1529+42.5097 0.34 ± 0.35 1.0 24.5 0.006 3.3 × 10−4

G4 PSO J200.1548+42.5192 0.56 ± 0.27 2.7 21.8 0.052 4.2 × 10−4

G5 PSO J200.1392+42.4859 0.58 ± 0.18 1.9 22.0 0.045 0.042
U 0.1 0.113

Notes. The galaxies are sorted by increasing redshift. Their ID is the same identifier as used in the text. The galaxy name is given by the Pan-
STARRS source catalogue. The photometric redshift and errors are given by PS1-STRM. rr and mr are respectively the Kron radius and the
magnitude in the r band as given by Pan-STARRS. P(O) and P(O|x) are respectively the PATH prior and posterior probability that the galaxy is
associated with the FRB. For each FRB, U represents the unseen galaxies.
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