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ABSTRACT

Fast radio bursts (FRBs) are extragalactic radio transients of extraordinary luminosity. Studying the diverse temporal and spectral
behaviour recently observed in a number of FRBs may help to determine the nature of the entire class. For example, a fast spinning
or highly magnetised neutron star (NS) might generate the rotation-powered acceleration required to explain the bright emission.
Periodic, subsecond components suggesting such rotation were recently reported in one FRB, and may also exist in two more. Here
we report the discovery of FRB 20201020A with Apertif, an FRB that shows five components regularly spaced by 0.411 ms. This
submillisecond structure in FRB 20201020A carries important clues about the progenitor of this FRB specifically, and potentially
about the progenitors of FRBs in general. We therefore contrast its features to what is seen in other FRBs and pulsars, and to the
predictions of some FRB models. We present a timing analysis of the FRB 20201020A components carried out in order to determine
the significance of the periodicity. We compare these against the timing properties of the previously reported CHIME FRBs with
subsecond quasi-periodic components, and against two Apertif bursts from repeating FRB 20180916B, which show complex time-
frequency structure. We find the periodicity of FRB 20201020A to be marginally significant at 2.40-. Its repeating subcomponents
cannot be explained as pulsar rotation because the required spin rate of over 2 kHz exceeds the limits set by typical NS equations of
state and observations. The fast periodicity is also in conflict with a compact object merger scenario. However, these quasi-periodic
components could be caused by equidistant emitting regions in the magnetosphere of a magnetar. The submillisecond spacing of the
components in FRB 20201020A, the smallest observed so far in a one-off FRB, may rule out both a NS spin period and binary mergers
as the direct source of quasi-periodic FRB structure.

Key words. stars: neutron — stars: magnetars

1. Introduction

Fast radio bursts (FRBs) are bright, millisecond-duration radio
transients of extragalactic origin that have puzzled researchers
since their discovery (Lorimer etal. 2007; see Petroff et al.
2022 and Cordes & Chatterjee 2019 for a review of prop-
erties). While most FRBs are only seen once (one-offs),

around 50 have been seen to repeat (e.g., Spitler et al. 2016;
CHIME/FRB Collaboration 2019). There is still no consensus
on whether these two observational classes are produced by the
same types of sources or have different origins. Many models
invoke compact objects as the source of FRBs (see Platts et al.
2019), and several observational clues point to magnetars as
the progenitors of at least some FRBs (see Zhang 2020, and
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references therein). After the detection of a bright radio burst
from the Galactic magnetar SGR 193542154 (Bochenek et al.
2020; CHIME/FRB Collaboration 2020b), we now know that at
least some FRBs could be produced by magnetars.

Recently, the Canadian Hydrogen Intensity Mapping Exper-
iment Fast Radio Burst Project (CHIME/FRB) published the
largest catalogue of FRBs detected with a single instrument to
date (CHIME/FRB Collaboration 2021). While repeaters and
non-repeaters show similar sky distributions, dispersion mea-
sures (DM), and scattering timescales, repeaters have been seen
to display a distinctive time and frequency structure commonly
referred to as the ‘sad trombone effect’ (Hessels et al. 2019),
in which multi-component bursts drift downwards in frequency.
On the other hand, one-off FRBs can present single-component
bursts, either narrow or broadband, as well as multi-component
bursts of similar frequency extent (Pleunis et al. 2021).

Several works have presented short-timescale timing anal-
yses — including periodicity searches — of multi-component
bursts from repeating FRBs. Nimmo et al. (2021, 2022) find sub-
component separations in FRB 20180916B and FRB 20200120E
of just a few microseconds, but no evidence of periodicity.
Meanwhile, Majid et al. (2021) find suggestions of a regular
separation of 2-3us in the subcomponents of a burst from
FRB 20200120E.

CHIME/FRB Collaboration (2022) recently reported the
detection of a one-off FRB with nine or more components,
namely FRB20191221A, which shows a strict periodic sepa-
ration of 216.8 ms between its components and a total dura-
tion of ~3s. This phenomenon is different from the long-term
periodicity that was previously found to be shown by two
repeating FRBs: FRB 20180916B with a period of ~16.3 days
(CHIME/FRB Collaboration 2020a), and FRB 20121102A with
a period of ~160 days (Rajwade et al. 2020; Cruces et al. 2020).
These two repeating FRBs show a periodicity in their activ-
ity cycles, with a period of >10days, while FRB20191221A
shows a periodic structure within the subcomponents of the only
detected burst, with a period of <1s. From here on, our use of
the term ‘periodic’ only refers to this latter, generally subsecond
fast periodicity. CHIME/FRB Collaboration (2022) report two
additional one-off multi-component FRBs, FRB 20210206A and
FRB 20210213A, with apparent periodic separations of 2.8 and
10.7 ms, respectively, though at a lower significance. This sug-
gests the potential existence of a new subgroup of one-off FRBs
showing (quasi-)periodic subsecond components.

Prompted by the CHIME/FRB  detections of
FRB 20191221A, FRB20210206A, and FRB20210213A, we
searched the Apertif FRBs for bursts with (quasi-)periodic struc-
ture. In this work, we report the detection of FRB 20201020A
with the Apertif Radio Transient System (ARTS; van Leeuwen
2014) installed at the Westerbork Synthesis Radio Telescope
(WSRT; Adams & van Leeuwen 2019; van Cappellen et al.
2022). FRB 20201020A shows five components with a regular
spacing of 0.411 ms. Furthermore, we perform a detailed timing
analysis of the bursts A17 and A53 from FRB 20180916B,
which were first reported in Pastor-Marazuela et al. (2021)
and exhibit complex time and frequency structure that we
compare to that of FRB 20201020A. In Sect. 2 we present the
detection, observations, and properties of FRB20201020A,
including its localisation, scintillation bandwidth, and repetition
rate upper limit. Section 3 explains the timing analysis of
FRB 20201020A as well as the FRB 20180916B bursts A17 and
AS53. In Sect. 4, we discuss the interpretation of the temporal
structure seen in FRB 20201020A, and assert that it belongs to
the same morphological type as the CHIME FRBs 20210206A
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Table 1. FRB 20201020A properties.

FRB 20201020A properties

398.59(8) pccm ™
2020-10-20 12:09:17.385

Dispersion measure (DM)
Arrival time

Barycentric MJID 59142.50645121
Detection S/N (CB29) 53.34

Right ascension (J2000) 13P51m258
Declination (J2000) +49°02'06”
Ellipse major and minor axes 3.9 x 17.2"
Ellipse angle (N-E) 103.9°

Fluence 3.4(7)Jyms
Peak flux 14.03)Jy

Total width 2.14(2) ms
Decorrelation bandwidth 11.4(2)MHz

Rotation measure (RM) +110 + 69 radm~2

Notes. “’Measured at the central frequency of 1370 MHz.

and 20210213A. Finally, we present our conclusions in
Sect. 5.

2. Observations and data reduction

The Apertif Radio Transient System (ARTS) carried out an FRB
survey between July 2019 and March 2022 (van Leeuwen et al.
2023) using ten 25m dishes of the WSRT. In survey observ-
ing mode, we beamformed 40 compound beams (CBs) cover-
ing a field of view (FoV) of 9.5 deg”. Stokes I data were saved
with a time resolution of 81.92us at a central frequency of
1370 MHz with 300 MHz bandwidth and a frequency resolution
of 0.195 MHz (see Maan & van Leeuwen 2017; Oostrum et al.
2020, for further detail). The Stokes I data were then searched for
transients in real-time with AMBER' (Sclocco et al. 2014, 2016,
2019). Next, a machine learning classifier assigned the probabil-
ity of each candidate being a real FRB (Connor & van Leeuwen
2018), and the best FRB candidates were then sent in an email
for human inspection.

FRB 20201020A was detected during a follow-up obser-
vation of the repeating FRB 20190303A (Fonseca et al. 2020).
It was detected in three adjacent compound beams (CBs),
with a maximum signal-to-noise ratio (S/N) of ~53. As its
dynamic spectrum shows complex time-frequency structure, we
used a structure maximisation algorithm (Gajjar et al. 2018;
Hessels et al. 2019; Pastor-Marazuela et al. 2021) to get its opti-
mal dispersion measure (DM) of 398.59(8) pccm™. The FRB
properties are summarised in Table 1, and its dynamic spectrum
is shown in Fig. 1.

The detection of bursts A17 and A53 from FRB 20180916B
was originally reported in Pastor-Marazuela et al. (2021), where
the observations and data reduction are explained.

2.1. Burst structure

After de-dispersing to the structure-maximising DM, the pulse
profile shows five distinct components with no visible scatter-
ing. In order to better characterise the intensity variation with
time, we fitted the pulse profile to a five-component Gaussian
and give the result in Table 2. The ToAs are given with respect
to the arrival of the first component, and the component width is

' https://github.com/TRASAL/AMBER
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Fig. 1. Dynamic spectrum of FRB 20201020A, de-dispersed to a DM
of 398.59 pccm™. The top panel shows the average calibrated pulse
profile of the burst, and the bottom panel the intensity of the burst in
time versus frequency. The data have been downsampled in frequency
by a factor 8.

Table 2. Properties of the five FRB 20201020A components.

Component ToA (ms) Width (ms)
0 0.000(3)  0.26(1)
1 0.49(1) 0.32(4)
2 0.804(5) 0.23(2)
3 1.216(8)  0.39(4)
4 1.660(7)  0.26(2)

Notes. The first column gives the component number, the second the
time of arrival in ms, and the third the component width defined as the
FWHM. Parentheses give the 10~ uncertainties on the last digit.

defined as the full width at half maximum (FWHM). The result-
ing burst component widths at the DM of FRB 20201020A are
very close to the intra-channel dispersive smearing of ~250 us
at 1370 MHz given the Apertif time and frequency resolution
(Petroff et al. 2022). Therefore, we can only set an upper limit
on the scattering timescale of 0.25 ms. The total duration of the
burst is 2.14(2) ms.

The burst shows frequency-dependent intensity variations,
which is a phenomenon expected from scintillation produced
by propagation through the turbulent interstellar medium (ISM;
see Sect. 4.2.2 from Lorimer & Kramer 2004, and references
therein). In order to measure the decorrelation bandwidth of the
fluctuations, Avgrp, we generated the auto-correlation function
(ACF) of the burst averaged spectrum, defined as follows:

DSOS &+ Av))

\/Z@ P DS+ A

where S (v) is the burst-averaged, mean subtracted spectrum at
frequency v and Av is the frequency lag. This is computed at

ACF(Av) = (1)

the original frequency resolution. After removing the zero-lag
value, we fitted the central peak of the ACF to a Lorentzian.
The scintillation bandwidth is often defined as the half-width
at half-maximum (HWHM) of the fitted Lorentzian (Cordes
1986), as shown in the top panel of Fig. A.1. The YMW16
(Yao et al. 2017) and NE2001 (Cordes & Lazio 2003) mod-
els give the distribution of free electrons in the Milky Way
(MW), and can therefore be used to estimate the DM, scatter-
ing, and scintillation contribution from the Galaxy. The scin-
tillation bandwidth of Avprg = 11.4(2) MHz does not strongly
deviate from the NE2001 model predictions at 1370 MHz, where
AvNgaoo1 ~ 16.0MHz%. The YMW16 model predicts a simi-
lar MW scintillation bandwidth of Avyymwie ~ 10.4 MHz in the
direction of the FRB. This model does not simulate the scattering
or scintillation; instead it models DMs and then uses the empiri-
cal T—DM relation observed in Galactic pulsars to determine the
scattering. Nevertheless, it approaches Avngaoor in the direction
of the FRB, and coincidentally matches the observed decorrela-
tion bandwidth of FRB 20201020A assuming 20% errors.

The ACF presents strong secondary peaks that appear quasi-
periodic, especially the one with a ~50 MHz frequency lag. This
might indicate that the frequency structure is intrinsic to the
FRB, instead of being due to scintillation in the MW. Such
intrinsic structure has been noted in other high-luminosity radio
emission mechanisms: the interpulses of the Crab pulsar consist
of regularly spaced spectral bands (Hankins & Eilek 2007). To
test this possibility, we studied the frequency evolution of the
decorrelation bandwidth. If the fluctuations in the spectrum are
produced by scintillation, the decorrelation bandwidth should
roughly follow a power law with spectral index 4.0-4.4 (e.g.,
Cordes et al. 1985). We therefore divided the FRB spectrum into
four different sub-bands of 75 MHz bandwidth each. We com-
puted the ACF of each sub-band and fitted them to a Lorentzian.
As detailed in the Appendix A and Fig. A.1, the decorrelation
bandwidth of FRB 20201020A does not appear to follow the
evolution expected from scintillation. However, the amount of
frequency fluctuation per observing bandwidth is too small, and
snapshots of scintillation frequency structure can appear quasi-
periodic.

Scintillation could also be produced in the host galaxy,
although it is unlikely that it would match the scintillation
bandwidth expected from the MW. We cannot confidently rule
out that the intensity fluctuations with frequency are an intrin-
sic property of the FRB. Importantly, their relative spacing of
Av/v = 50/1400 = 0.04 is in reasonable agreement with the
Av/v ~ 0.06 proportional spacing found for the Crab interpulses
in Hankins & Eilek (2007). Scintillation in the MW may yet
be the most probable explanation, as the observed decorrelation
bandwidth is close to the NE2001 prediction.

By eye, all burst components seem to cover a similar fre-
quency extent. In order to thoroughly check whether the sub-
components exhibit a downward drift in frequency, we computed
the 2D auto-correlation function of the burst, which we ulti-
mately fitted to a 2D ellipse whose inclination gives a good esti-
mate of the drift rate (Hessels et al. 2019). The resulting 2D ACF
shown in Fig. B.1 shows an inclination angle consistent with
zero, which means there is no subcomponent frequency drift, as
expected from one-off FRBs.

2 Values estimated at 1370 MHz with the pygedm package: https:
//pygedm.readthedocs.io/en/latest/
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2.2. Localisation

As the WSRT is an array in the east-west direction, it can
localise any detected FRB to a narrow ellipse (cf. Connor et al.
2020). FRB 20201020A was detected in three adjacent CBs;
CB29, CB35, and CB28. Following the localisation procedure
as described in Oostrum (2020)%, we used the S/N of the burst
in all synthesised beams (SBs) of all CBs where it was detected
in order to get its 99% confidence region. We find the best posi-
tion to be 13"51m25% +49°02’06” in right ascension (RA) and
declination (Dec) respectively. The localisation area is shown in
Fig. 2, and it can be well described as a 3.9" x 17.2” ellipse with
an angle of 103.9° in the north—east direction.

The DM expected from the MW in the direction of the FRB
is ~22 pc cm~? according to the YMW 16 model and ~29 pc cm™>
according to NE2001. By assuming a MW halo contribution
to the DM of ~50 pccm™ (Prochaska & Zheng 2019), we find
an extragalactic DM of ~325pccm™, and use this to esti-
mate a redshift upper limit* of zg. ~ 0.43 (Zhang 2018;
Planck Collaboration VI 2020; Batten 2019).

We queried the NASA/IPAC extragalactic database (NED)
to identify potential host galaxies of FRB 20201020A. We found
five galaxies within the error region catalogued in the SDSS-IV
MaNGA (Graham et al. 2018), which is based on the fourteenth
data release of the Sloan Digital Sky Survey (SDSS-DR14;
Abolfathi et al. 2018) and has a 95% magnitude completeness
limit of 22.2 in the g filter’. None of the five galaxies have a
measured redshift or morphological type. Any one of those five
galaxies could therefore be the host of FRB20201020A, and
there could be galaxies below the magnitude completeness of
SDSS-DR14. The galaxies are listed in Table C.1.

2.3. Polarisation and rotation measure

The detection of FRB 20201020A triggered a dump of the full-
Stokes data on CB29, allowing us to measure the polarisa-
tion properties of FRB 20201020A. We carried out calibration
observations within 36 h of the FRB detection. We pointed at
the unpolarised source 3C147 and the linearly polarised source
3C286 to correct for the difference in gain amplitude between
the x and y feeds and the leakage of Stokes V into Stokes U,
respectively (cf. Connor et al. 2020). The polarisation properties
of FRB 20201020A could provide important information about
the nature of this source. For instance, in the case of a rotating
neutron star (NS), one might expect changes in the polarisation
position angle (PPA) following the rotating vector model (RVM,;
Radhakrishnan & Cooke 1969), as shown by about 50% of pul-
sars (e.g., Johnston et al. 2023).

Unfortunately, the polarisation calibration observations were
corrupted by radio frequency interference (RFI) and their poor
quality prevents robust PPA measurements. Nevertheless, an
estimate of the rotation measure (RM) can still be computed
although with large uncertainties by assuming a constant value
of Stokes V with frequency. From the resulting Stokes Q and
U parameters, we obtain the best RM by applying RM synthe-
sis (Burn 1966; Brentjens & de Bruyn 2005), and we check the

3 Localisation code can be found here: https://loostrum.github.
io/arts_localisation/

4 The redshift upper limit was computed with the fruitbat package
assuming a Planck18 cosmology and the Zhang (2018) method: https:
//fruitbat.readthedocs.io/en/latest/

5 See SDSS-DRI14 information here: https://www.sdss.org/
drl4/scope/
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Fig. 2. Localisation region of FRB 20201020A. The best position is
indicated by a pink cross, and the 99% confidence interval contour is
represented by the pink ellipse. Galaxies from the NED database within
the error region are marked as blue crosses. The background is a com-
posite colour image from SDSS (Blanton 2017).

resulting RM by applying a linear least squares fit to the position
angle (PA) as a function of wavelength squared. We find an RM
of +110 + 69 rad m~2, which is visualised in Fig. D.1.

2.4. Repetition rate

The localisation region of FRB 20201020A has been observed
for 107.8h with Apertif since the beginning of the survey in
July 2019. This observing time includes follow up observations
of both FRB 20201020A and FRB 20190303A (Fonseca et al.
2020). We therefore set a 95% upper limit on the repetition rate
of ~3.4x1072h~! above our completeness threshold of 1.7 Jy ms
assuming a Poissonian repetition process. This upper limit is
roughly one order of magnitude lower than the average repe-
tition rates observed in FRB 20121102A and FRB 20180916B
in observations carried with Apertif (~0.29h™! and ~0.36h7!,
respectively Oostrum 2020; Pastor-Marazuela et al. 2021),
which therefore have an equivalent completeness threshold.
However, we note this limit may be less constraining if the FRB
has non-Poissonian repetition, as has been seen for other FRBs
(Spitler et al. 2016; Oppermann et al. 2018; Gourdji et al. 2019;
CHIME/FRB Collaboration 2020a; Hewitt et al. 2022).

3. Timing analysis

We applied several timing techniques in order to determine
the presence of a periodicity in FRB20201020A, and the
FRB 20180916B bursts A17 and A53. Initially, we obtained the
power spectra of each pulse profile — defined as the Leahy nor-
malised (Leahy et al. 1983) absolute square of the fast Fourier
transform (FFT) — in order to identify any potential peaks in the
power spectrum of each burst.

Additionally, all three pulse profiles were fitted to multi-
component Gaussians in order to determine the time of arrival
(ToA) of each burst subcomponent. The ToAs as a function of
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component number were subsequently fitted to a linear function
of the form

t = d_l’l,‘ + Ty, 2)
where ¢; is the ith arrival time; d is the mean spacing between
the subcomponents of each burst, equivalent to Py; n; is the ith
component number; and T is the first ToA. For the fit, we use a
least squares minimisation technique weighted by the inverse of
the errors on the ToAs in order to determine the mean subcompo-
nent separation Py, and the goodness of fit. We performed these
fits using the Python package Imfit® (Newville et al. 2016).
In our analysis, we used the reduced /\(2 (r)(z) statistic, which
takes into account the statistical error on the reported ToAs.
We also applied the ry? statistic to CHIME FRBs 20210206A
and 20210213A for comparison. Given the necessity of fit-
ting a model to the tail of the distribution of the simulated
statistics for FRB20191221A in CHIME/FRB Collaboration
(2022) and the high significance found, we do not compare
the statistics of FRB 20191221A with FRB 20201020A in this
work. Furthermore, we applied the statistic § as described in
CHIME/FRB Collaboration (2022) in order to have a direct
comparison between our sample and the FRBs presented there.
The S statistic is obtained by finding the component number
combination n that maximises the log-likelihood ratio L between
two models, after maximising all model parameters. The first
model is the null hypothesis that the ToAs follow a Gaussian
distribution, and the second is the alternate hypothesis that the
ToAs follow the linear function given by Eq. (2), where we have

Lin) = %log (Z @]

with r; the difference between the measured and the fitted ¢;, and

3

$[n] = max (L[n]). 4)
The ry? statistic is more adapted to the ToAs and errors obtained
through our pulse profile fitting routine than the § statistic, given
that the latter does not take the errors into account, and the
ry? statistic does not substantially alter the periodicity signif-
icance of the CHIME FRBs 20210206A and 20210213A. We
therefore find it to be more robust when computing periodicity
significances.

Lastly, we computed the significance of the potential peri-
odicities by simulating the ToAs of 10° bursts. This con-
sists in generating time intervals d; = (; — t,_;) drawn from
different distributions. Following the procedure presented in
CHIME/FRB Collaboration (2022), we first assume a rectangu-
lar probability distribution which is uniform between two values:

1/2d -2nd), ifnd<d<@-nd
0, otherwise,

pu(d) = { &)

where 0 < n < is an exclusion parameter (originally referred
to as y in CHIME/FRB Collaboration (2022), renamed to avoid
confusion with ry?), below which two separate components
would be detected as one. This distribution is normalised and
centred at the mean subcomponent spacing. We use II to repre-
sent this rectangular function. We adopt n = 0.2 following the
analysis from the CHIME FRBs. We label the significance using
the ry? statistic 0,2, and ¢ the one using the § statistic.

6 Imfit: https://pypi.org/project/lmfit/

‘We also simulate the time intervals from a shifted Poissonian
distribution as a comparison, where we have

di = —(1-n)dIn(1 - x) + dn, 6)

and x is a random variable drawn from a uniform distribu-
tion between 0 and 1. This gives a distribution of time inter-
vals with average d and minimum 7. We note that when 1 =
0, d; = —dIn(1 — p), which gives the exponentially distributed
inter-arrival times of a Poissonian distribution. However, this
distribution would produce inter-arrival times that are shorter
than the width of the subcomponents, which justifies a choice
of . > 0. We use P to represent this shifted Poissonian
distribution.

We use these rectangular and shifted Poissonian wait-time
distributions as null hypotheses because empirical wait-time dis-
tributions are not yet available. Determining the underlying wait-
time distribution is hampered by significant selection effects, for
both one-off and repeating FRBs (e.g., Gardenier et al. 2019,
2021). However, as surveys produce ever larger homogeneous
samples (e.g., Pastor-Marazuela et al., in prep., for Apertif), we
expect such empirical distributions to become available in the
near future.

Figure 3 contains the relevant plots resulting from the tim-
ing analysis assuming a uniform probability distribution, while
Table 3 gives the resulting ry* and o statistics assuming
n = 0.2, as well as the significance of the FRB periodicities.
Table E.1 gives the obtained significances and percentiles under
different null hypotheses, subcomponent spacing distributions,
and n values.

3.1. FRB20201020A

To get the mean subcomponent separation P, we fitted the
ToAs given in Table 2 as a function of component number
n =(0,1,2,3,4). We get P, = 0.411(6) ms, which we assume
to be the period whose significance we want to examine.

The power spectrum of the FRB shows a peak at the fre-
quency corresponding to the mean subcomponent separation,
Jfse = 2435Hz. However, it also displays a peak with a higher
amplitude at half the frequency corresponding to P.. We argue
that this peak is more prominent because of the higher amplitude
of components 0, 2, and 4, which are spaced by twice the Pj.
Additionally, the ToA of component 1 is delayed with respect
to the others, as can be seen in panel ¢ of Fig. 3, therefore low-
ering the power of the peak at 2435 Hz. Red noise could also
play a factor in increasing the peak amplitude. We therefore con-
sider 2435 Hz to be the fundamental frequency, and interpret the
1200 Hz peak as a subharmonic dominated by the spacing of the
two brightest components, n = 0, 2.

By using the ry? as the reference statistic, applying it to
both the data and the simulations, and drawing the time inter-
vals from a rectangular distribution (Eq. (5)), we obtain a signif-
icance of 0,2 1 = 2.500. Drawing time intervals from the shifted
Poissonian distribution in Eq. (6) gives in turn a significance of
0,2,p = 2.600 for n = 0 (purely Poissonian), and o2 p = 2.400
for n = 0.2 . Hereafter we report the significance from a shifted
Poissonian with 7 = 0.2 for robustness. The different steps of the
analysis are plotted in panels a—d of Fig. 3. While o> and o5 are
not significant enough for a conclusive periodicity detection, this
FRB is visually analogous to the CHIME FRBs 20210206A and
20210213A. This suggests that these three bursts belong to the
same morphological class of FRBs, which present quasi-periodic
components in time, with all subcomponents showing a similar
frequency extent.
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Fig. 3. Timing analysis of FRB 20201020A (left column), A17 (central column), and A53 (right column). The top of panels (a), (e), and (i)
shows the pulse profile of each burst (black) and the fitted multi-component Gaussians in green for FRB 20201020A and A53; for A17 the bright
components are shown in blue and the dim components in yellow. The bottom of panels (a), (e), and (i) shows the residuals of the multi-component
Gaussian fit of each pulse profile. Panels (b), (f), and (j) show the power spectra of each pulse profile in black. In (b), the vertical dashed line
indicates the average separation of the FRB 20201020A components, while the blue line shows the Gaussian fit to the 2.4 kHz component. In (f),
the blue and yellow lines show respectively the power spectra of the bright and dim components. Panels (c), (g), and (k) show the ToAs of all
subcomponents as a function of component number. In most cases, the error on the ToAs is smaller than the marker size. The dashed green lines
in (c), (g), and (k) are linear fits to the ToAs, and the lower panels show their residuals normalised by the mean subcomponent separation Py..
Panels (d), (h), and (I) show histograms of the simulated ry? statistic using a shifted Poissonian subcomponent spacing distribution with 7 = 0.2
to compute the significance of the periodicity. The vertical lines correspond to the ry? of the linear fit to the data. The significance is indicated as
blue text.
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Table 3. Statistical significance of the FRB periodicities.

FRB Neomp Py (ms) S osn e’ Open Tpep O
FRB 20201020A 0,1,2,3,4) 0.411(6) 4.18 1.41 11.17 250 2.40 -
FRB 20180916B A17 0,1,2,3,4) 0.95(3) 1047 3.54 20.33 1.75 1.78 1.87
FRB20180916B A53 (0,1,2,4,5,6,7,10,12,13,14,15) 1.7(1) 5.12 095 168.3 1.94 229 235
FRB 20210206A 0,1,2,3,5) 2.8 513 1.89 202741 190 1.87 -
FRB 20210213A (0,1,2,3,4,5) 10.8 742 2.56 270.80 296 2.77 -

Notes. Values computed for the FRBs presented in this paper as well as the FRBs below the 30 significance threshold from
CHIME/FRB Collaboration (2022). For each FRB considered, we give the component number vector (feomp), the quasi-period Py in millisec-
onds, the value of the statistic § with its respective significance o 1y as recalculated in this work, and the reduced y? (ry?) with its significance
using the rectangular (0,2, assuming = 0.2), shifted Poissonian (o2 p, assuming n = 0.2), and lognormal (0,2 ,, just for repeater bursts)

distributions.

For comparison against pulsar component periodicity stud-
ies it is useful to also determine the quality factor Q. From the
width Af of the main component in the power spectrum, this
factor quantifies how strictly periodic the burst structure is by
means of the frequency stability Q = f,./Af (Boriakoff 1976).
Higher Q values signify more stable features. We follow the
approach from Strohmayer et al. (1992), fitting a Gaussian to the
power spectrum feature, and taking the width of o as Af. We
find o = 0.17kHz (Fig. 3b) and hence Q = 2.4/0.17 ~ 14 for
FRB 20201020A.

3.2. FRB20180916B bursts

In 2020, we carried out a long observing campaign of
FRB 20180916B with Apertif, and 54 detections were presented
in Pastor-Marazuela et al. (2021). Several of those bursts display
complex spectro-temporal morphologies, with at least 12 bursts
presenting three or more temporal components. While most of
those multi-component bursts have either an excessively low
subcomponent number, S/N, or subcomponent spacing to run a
detailed timing analysis, two of the bursts (A17 and A53) have
favourable properties to run this analysis, as detailed below.

Figure 4 shows the spacing distribution between the sub-
components of R3 bursts from Pastor-Marazuela et al. (2021)
with two or more components. In addition to the timing anal-
yses detailed above, we compute the periodicity significance of
A17 and A53 by simulating time intervals from the subcompo-
nent separation distribution observed in other multi-component
bursts from FRB 20180916B. We get the distribution by fitting
the observed subcomponent separations in Fig. 4 to a lognormal
distribution:

Pn(d) =

2
In (d/m)) ’ ™

202

A
@a‘(d /m) P (

where A is the amplitude, m the mean, and o the standard devi-
ation. We use VN as errors for the fit, with N the number of
subcomponent separations per bin. The resulting parameters of
the fit are m = 0.98 £ 0.06 ms and o = 0.64 + 0.06. We label
o, the significance of the periodicity obtained from assum-
ing this separation distribution. Although the separation dis-
tribution might appear bimodal at first glance, and a fit to a
double lognormal distribution results in a lower XZ, a lower
Akaike information criterion (AIC), and a lower Bayesian infor-
mation criterion (BIC), we use the simpler, single lognormal
distribution given the limited size of our sample. The waiting
time between consecutive pulses in active repeaters has been
observed to follow bimodal lognormal distributions by several
authors, for example in FRB 20121102A (Aggarwal et al. 2021;

Hewitt et al. 2022), FRB 20200120E (Nimmo et al. 2023), and
FRB20201124A (Niu et al. 2022). However, analyses of the
subcomponent separations in large burst samples are scarce.
Niu et al. (2022) performed a timing analysis on 53 bursts
with complex morphologies from FRB 20201124A, and report
the quasi-periods observed in their subcomponents. The quasi-
period distribution can be fitted to a lognormal distribution with
m = 6.0 £0.4ms and o = 0.52 + 0.07 (from the values reported
in their Table 6 and visualised in their Fig. 8). As repeating FRB
timescales appear to follow lognormal distributions on millisec-
ond and decasecond timescales, it is reasonable to assume this
distribution for subcomponent spacings as well.

3.2.1. FRB20180916B A17

The burst A17 from Pastor-Marazuela et al. (2021) has the high-
est detection S/N of the sample. Its pulse profile can be well
fitted by a five component Gaussian, with the second and third
components being much brighter than the others. Its power spec-
trum shows a large peak at ~1000 Hz. As the separation between
the second and third components is ~1 ms, we tested whether the
power spectrum was dominated by these two bright subcompo-
nents instead of arising from an intrinsic periodicity. To do so,
we created fake pulse profiles of the ‘bright’ and ‘dim’ compo-
nents. The pulse profile of the bright components was created by
subtracting the Gaussian fit of the first, fourth, and fifth compo-
nents from the data, and the pulse profile of the dim components
by subtracting the fit of the second and third components from
the data. Next we generated power spectra of the ‘bright’ and
‘dim’ pulse profiles, both over-plotted in panel (f) of Fig. 3. As
the power spectrum of the bright components largely overlaps
with the power spectrum of the original pulse profile, we con-
clude that the peak in the power spectrum is dominated by the
two brightest components.

We further fitted the ToAs to a linear function and compared
the resulting ry? and § statistics to simulations, and find dis-
parate values with o2y; = 1.750 and o3 ; = 3.540. When
simulating the subcomponent separation from the shifted Poisso-
nian distribution in Eq. (6) with n = 0.2, we get 0,2 p = 1.790,
and from the lognormal distribution shown in Fig. 4, we find
0,2 1;n = 1.870. Given this discrepancy, we cannot confirm the
presence of a periodicity in A17. The steps of the timing analy-
sis are plotted in panels e to h of Fig. 3.

3.2.2. FRB20180916B A53

A53 is the widest FRB20180916B burst, containing
the highest number of components (>11) presented in
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Fig. 4. Subcomponent separation of FRB 20180916B multi-component
bursts presented in Pastor-Marazuela et al. (2021). The top panel shows
a histogram of the burst separation between discernible subcomponents
in multi-component bursts. The mean A17 and A53 separations are
shown as vertical dashed blue and yellow lines, respectively. The fit
to a single lognormal and a double lognormal distribution are shown as
solid and dotted black lines, respectively. The bottom panel shows the
burst separations in each burst of the sample.

Pastor-Marazuela et al. (2021), making it a good candidate
for periodicity analysis. Although the ToAs plotted as a function
of component number show irregularities in the spacing between
bursts, we still carried out the fit to a linear function and the
significance computation by associating the larger ‘gaps’ to
missing components, resulting in a component number vector
n=1(0,1,2,4,5,6,7,10,12,13, 14,15). We find o5 ; = 0.950,
oyen = 1940, 0,0 p =229, and 0,2, = 2.350.

Although the results from the previous analysis indicate that
the structure of burst A53 is unlikely to be periodic, we carried
out a more detailed analysis of the light curve, power spectrum,
and ACF in order to disentangle any interesting features in this
complex burst. First, we studied the power spectrum; at first
glance, it appears to be consistent with a power law, as can be
seen in Fig. 5d. Such a power spectrum is observed in different
astrophysical sources, such as AGN, X-ray binaries, and magne-
tars (e.g., Vaughan et al. 2003; Huppenkothen et al. 2013) and is
known as ‘red noise’. We therefore fitted the power spectrum to
the following power-law function:

fO) =Kv*+C, ®)
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Fig. 5. Timing analysis of burst A53 from FRB 20180916B. Panel (a)
shows the pulse profile of A53 as grey dots at 82 ps time resolution, and
the smoothed profile as a black solid line. The yellow dots and solid
line show the same for the off-burst signal. Panel (b) shows the residuals
of the on- and off-burst signal as black and yellow lines, respectively.
Green diamonds and dots show respectively the 5o~ and 30 outliers of
the on-burst residuals. Panel (¢) shows the distribution of the on-burst
residuals in black and off-burst residuals in yellow. The yellow shaded
regions, from dark to light, indicate the 1o, 207, and 30 contours of the
off-pulse distribution fitted to a Gaussian. Panel (d) shows the power
spectrum of A53 in black fitted to a power-law function shown in blue.
The green dashed and yellow dotted lines mark the position of the mean
component separation and the maximum of the residuals, respectively.
Panel (e) shows the power spectrum residuals R(v). Panel (f) presents
the ACF of the light curve of A53 as a solid black line. The pink vertical
lines indicate the separation between consecutive components, the green
line the separation between the two brightest components, and the blue
line the separation between the first and third brightest components.

with K the amplitude, @ the power law slope, and C a con-
stant representing the white noise component. To perform the
fit, we applied an equivalent of a Bayesian maximum like-
lihood estimator with the Stingray spectral timing library
(Huppenkothen et al. 2019). We sampled the posterior probabil-
ity distribution of the parameters through a Markov chain Monte
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Carlo (MCMC) algorithm to obtain their actual distribution. We
found @ = 1.1(2). In order to search for any potential narrow fea-
tures, we followed Nimmo et al. (2021) and Huppenkothen et al.
(2014) and computed the residuals R(v) of the power spectrum
P(v) defined as:
R(v) = 2P(")/M(v), ©))
where M(v) is the value of the best-fit power law at frequency
v. We wanted to test whether the largest peak in the power spec-
trum, max(R(v)), was consistent with noise. To do so, we simu-
lated 100 power spectra by drawing power-law parameters from
the MCMC sample. We multiplied each frequency bin of the
MCMC-derived power laws by random noise simulated from
a y? distribution with two degrees of freedom, and divided by
two (Huppenkothen et al. 2014). We then fitted the simulated
power spectra to a power-law function. We generated the sim-
ulated residuals Ry, (v) using Eq. (9), and found max(Rgn(v)),
which we compare to max(R(v)). Using this method, we found
no statistical outliers in the A53 power spectrum.

The pulse profile of A53 shows several spikes only one or
two time bins wide. To check whether these narrow features
have a physical origin or if they are consistent with amplitude-
modulated noise (Rickett 1975; Cordes 1976), we followed the
method described in Nimmo et al. (2021). We selected a 40 ms
window that encompasses the whole signal from the burst, and
created a model of the burst envelope by convolving the signal
with a Blackman window of length 15. We obtained the residuals
by subtracting the smoothed envelope from the burst signal, and
we did the same with an off-burst region to obtain the distribu-
tion of the noise fluctuations. We observe that the residuals from
the burst signal, when compared to the noise residuals, present
two sets of outliers at a 5o level, and two additional outliers at a
30 level (we consider a set of outliers when they are spaced by a
single time bin). This demonstrates that the narrow spikes have a
physical origin, and are not the product of amplitude-modulated
noise. The steps of this analysis are presented in panels a—c of
Fig. 5. We determined the width of the two narrowest and bright-
est components by fitting them to a Gaussian together with the
other components of the burst, as shown in Fig. 3i. Their full
widths at half maximum (FWHMs) are respectively 220 us and
175 ps.

We also show the ACF of the pulse profile in Fig. 5f.
Although the ACF presents several secondary peaks, these can
be explained by the separation between subcomponents, includ-
ing consecutive ones and the brightest ones. These peaks are
therefore not due to the presence of a periodicity.

4. Discussion

After determining the periodicity  significance  of
FRB 20201020A, A17, A53, and the CHIME FRBs 20210206 A
and 20210213A, we note that the measured significance of
the burst (quasi-)periodicities is highly dependent on the null
hypotheses and the assumed subcomponent spacing of the
aperiodic simulations, as shown in Table E.1. As noted by
Niu et al. (2022), when analysing the temporal structure of
FRB 20201124A bursts, it is necessary to be cautious about
quasi-periodicities with significances below ~4¢.

In the following section, we consider which mechanism can
best explain the quasi-periodicity in FRB 20201020A: the rota-
tion of an underlying submillisecond pulsar (Sect. 4.1), the final
orbits of a compact object merger (Sect. 4.2), crustal oscillations
after an X-ray burst (Sect. 4.3), or equidistant emitting regions

on a rotating NS (Sect. 4.4). We also comment on whether or not
these FRBs represent a new morphological type.

4.1. Submillisecond pulsar

One of the potential origins of the periodic structures in
FRB 20201020A and the CHIME FRBs 20210206A and
20210213A discussed in CHIME/FRB Collaboration (2022) is
the rotation of a NS with beamed emission, analogous to spin-
driven radio pulsars. While the period range observed in the
aforementioned FRBs is compatible with Galactic pulsars, the
quasi-period of FRB 20201020A, Py, =0.411 ms, is in the sub-
millisecond regime.

A spin rate of such magnitude is interesting because it could
provide the energy required for the highly luminous radio emis-
sion seen in FRBs in general. For a rotation-powered NS, the
spin rate v and surface magnetic field strength By, determine
the potential of the region that accelerates the particles that gen-
erate the radio bursts. For example, giant pulses are only com-
mon in those pulsars with the highest known values of V3 Bous
interpreted as the magnetic field strength at the light cylinder By ¢
(where Bic > 2.5 X 10° G, Johnston & Romani 2004; Knight
2006). The spin frequency could therefore potentially power
such luminous emission.

The next question, then, is for how long this emis-
sion can last. The same constituents that combine to pro-
vide the high power budget also cause rapid NS spin down.
Such a high-powered system cannot therefore be long-lived,
requiring a higher birth rate of these systems in the Uni-
verse to account for the observed FRB population (see e.g.,
Gardenier & van Leeuwen 2021). Creating an FRB may well
require a much higher By ¢ field than a pulsar; a very young but
otherwise normal NS with P = 0.411ms and By = 102G
shows a By ¢ field that is more than 1000 times higher than men-
tioned above for a little over 100 yr.

The FRB 20201020A quasi-period is shorter than that of
the fastest spinning pulsar confirmed so far, with ~1.4ms
(Hessels et al. 2006), and would be the smallest known NS spin
period. The maximum rotation rate an NS can achieve can set
important constraints on the NS equation of state (EoS; e.g.,
Shapiro et al. 1983). This maximum rotation rate is given by
the mass-shedding frequency limit, above which matter from the
outer layers of the NS is no longer gravitationally bound and
is thus ejected. Haensel et al. (2009) establish an empirical for-
mula for the mass-shedding frequency fax given by the mass
and radius of the NS, with C ~ 1 kHz,

12 32
M R
ax(M) =C|— —_— . 10
Frnn(M) (Mo) (o) (10)
Figure 6 shows a mass—radius diagram based on

Demorest et al. (2010), including typical EoSs, the physical
limits set by causality, finite pressure, and general relativity (GR;
Lattimer 2012), and observational constraints given by the two
most massive known NSs (Cromartie et al. 2020; Fonseca et al.
2021; Demorest et al. 2010) and the fastest spinning NS at
716 Hz (Hessels et al. 2006). We next plot the mass—radius rela-
tion using Eq. (10), assuming the mass-shedding frequency to
be given by FRB 202010204, fmax = 1/0.411 ms ~ 2435 Hz. As
no EoSs remain in the white region of the diagram, we conclude
that the quasi-period of FRB 20201020A is incompatible with
being due to the rotation of a NS using typical EoSs. If the three
FRBs are originated by the same type of progenitor — given
the similar morphological properties of FRB20201020A and
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Fig. 6. Neutron star mass—radius diagram. The solid lines represent the
mass—radius relationship of typical EoSs. The grey shaded regions are
forbidden by general relativity, finite pressure (P < inf), and causality.
The yellow shaded region is forbidden by the rotation of the fastest spin-
ning pulsar J1748-2446ad (Hessels et al. 2006). The red shaded region
shows the mass of J0740+6620 (Cromartie et al. 2020; Fonseca et al.
2021) and the orange region the mass of J1614-2230 (Demorest et al.
2010), the two heaviest known NSs. Valid EoSs need to cross those
regions. The green line and green shaded region would be forbidden if
the quasi-period of FRB 20201020A were produced by the rotation of
a NS at 2435 Hz, and the region to the right of the dashed green line
would be forbidden if the rotation was at 1205 Hz.

CHIME/FRB FRBs FRB 20210213A and FRB 20210206A -,
the periodicity of the burst components is unlikely to be due to
the rotation of a NS.

4.2. Compact object merger

Merging compact objects have been hypothesised to pro-
duce FRBs through magnetic interaction between the two
bodies in the system, including binary NS systems (BNS,
Piro 2012; Lyutikov 2013; Totani 2013; Wangetal. 2016;
Hansen & Lyutikov 2001), black hole-neutron star systems
(BHNS; McWilliams & Levin 2011; Mingarelli et al. 2015;
D’Orazio et al. 2016), and white dwarfs (WDs) with either a NS
or a black hole (Liu 2018; Li et al. 2018). The presence of multi-
ple peaks in the FRB pulse profile could be explained by a mag-
netic outburst extending through successive orbits of the binary
system, and therefore the subcomponent frequency should match
half the gravitational wave (GW) frequency if one object in the
system produces bursts, or the GW frequency if both of them
do. The maximal GW frequency is attained when the binary
reaches the mass-shedding limit for an NS (Radice et al. 2020).
This frequency is given by the EoS of the merging NS, which
is expected to be between 400 and 2000 Hz (Bejger et al. 2005;
Dietrich et al. 2021; Hanna et al. 2009).

The frequency seen in the components of FRB 20201020A
of 2435 Hz is above the typical limits and can only be explained
by a very soft EoS. Such a frequency could only be produced in
the final moments of the inspiral, immediately before the merger.
At this stage, the frequency derivative would be very high, which
translates to a perceptibly decreasing spacing between burst
subcomponents. As the separation remains constant within the
burst, we can rule out this scenario for FRB 20201020A. A more
detailed justification is given in Appendix F. The quasi-period of
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FRB 20210206A is also challenging to explain within this model
(CHIME/FRB Collaboration 2022). As only a small fraction of
the known FRBs show regularly spaced components, we argue
that these belong to the same class of progenitor and hence dis-
favour compact object merger models as the progenitors of FRBs
with this type of morphology.

4.3. Crustal oscillations

If FRBs are a result of short X-ray bursts from a magnetar,
the quasi-periodicity we observe could be explained through
crustal oscillations of the NS we describe above. These oscil-
lations would result from the same X-ray burst that also caused
the FRB (Wadiasingh & Chirenti 2020). The subcomponents of
FRB 20201020A suggest an oscillation frequency of ~2400 Hz.
Wadiasingh & Chirenti (2020) examine whether or not FRB sub-
pulses could be the result of torsional crustal oscillations during
a short X-ray burst. If so, their simulations show that the funda-
mental eigenmodes with low multipole number (corresponding
to frequencies between 20—40 Hz) would be more prevalent than
the higher frequencies that we observe. We conclude that the dif-
ference in frequency is too large. The quality factor Q = 14 that
we find in Sect. 3.1 is also significantly lower than the Q > 103
expected for NS oscillations (Cordes et al. 1990). We therefore
disfavour crustal oscillations as the source of the periodicity.

4.4. Ordered emission regions on a rotating magnetar

The burst morphology and timescales of FRB 20201020A are
very similar to two types of quasi-periodic behaviour seen in
regular pulsars: subpulses and microstructure. Below we discuss
scenarios where the FRB is produced in a similar manner, but on
a magnetar instead of a purely rotation-powered pulsar.

4.4.1. The analogue of pulsar subpulses

Like the components in FRB 20201020A, the individual pulses
of rotation-powered pulsars are usually composed of one or
more subpulses. Subpulse widths lie in the range of 1°—10° in
spin longitude (Table 16.1 in Lyne & Graham-Smith 2012), thus
broadly spanning 0.3—140ms for pulsars with spin periods of
0.1-5s. This qualitatively fits the individual component widths
of observed FRB structures.

For a substantial fraction of these pulsars (mostly those
with longer periods), the position or intensity of these sub-
pulses changes in an organised fashion from one spin period
to another (Weltevrede et al. 2007; Basu et al. 2019). Accord-
ing to the most widely accepted theory of drifting subpulses,
these latter are interpreted as emission from distinct plasma
columns originating in a rotating carousel of discharges within
the polar gap (Ruderman & Sutherland 1975). As the NS spins,
these ordered, regularly spaced emission regions (‘sparks’) pro-
duce quasi-periodic bursts in our line of sight. In this case, the
burst morphology directly reflects the spatial substructure of
the distinct emission regions. Given the similarity in appear-
ance, we hypothesise here that a magnetar produces the compo-
nents in FRB 20201020A in the same way that a pulsar produces
subpulses.

This carousel rotation causes subpulses to appear at progres-
sively changing longitudes’. Every period may contain one or

7 There is also non-drifting, intensity-modulated periodicity, but this
requires a spin period smaller than the observed periodicity, which we
rule out in Sect. 4.1.
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a few individual subpulses roughly equidistant from each other.
These regular subpulses cause a stable second periodicity on top
of the primary rotational periodicity. In the most regular cases,
the resulting drifting subcomponents show a relatively periodic
behaviour; in PSR B0809+74 (van Leeuwen et al. 2003), the
spark rotation and spacing were recognised early on to be stable
at a 0.4% level over several days (Unwin et al. 1978). Overall,
the spark regularity is sufficient to produce the quasi-periodicity
we observe here.

The residuals in the timing fit of FRB 20201020A (Sect. 3.1)
also have an analogue in pulsar subpulses. There, the devia-
tion from strict periodicity within a single pulsar rotation is
well-documented for some of the sources with more stable
drift and is well described by the curvature of the line-of-
sight path through the emission cone (Edwards & Stappers 2002;
van Leeuwen et al. 2002). At least for some sources, the drift-
ing rate can be measured with good precision (indicating promi-
nent periodic modulation), and it has been shown that it can
slowly vary with time (Rankin & Suleymanova 2006) and jitter
on small timescales (van Leeuwen & Timokhin 2012), and can
change rapidly during a mode switch (Janagal et al. 2022). Sev-
eral drift periodicities can even be present at the same time at
different spin longitudes (bi-drifting; Szary et al. 2020).

Pulsar subpulses are not only similar to the compo-
nents in FRB 20201020A, the CHIME FRBs 20210206A and
20210213A, and A17 with respect to their regular spacing; the
number of subcomponents also agrees. A significant number
of pulsars, such as B0329+54 (Mitra et al. 2007), B1237+25
(Srostlik & Rankin 2005), and B1857-26 (Mitra & Rankin
2008), show both a similarly high number of distinct subpulses
and quasi-periodically spaced single pulse profiles.

One concern in this analogy might be the timescale of the
‘on-mode’ for FRBs. If the FRBs we discuss here come from a
single NS rotation, the absence of fainter bursts nearby means
the subpulse pattern flares for one period and then turns off.
This may seem problematic. Nevertheless, for pulsars that dis-
play nulling, or different modes of emission, the spark pattern
is known to establish itself very quickly, at the timescale of less
than a spin period (Bartel et al. 1982). Furthermore, pulsars such
as JO139+3336 (a 1.25s pulsar that emits a single pulse only
once every ~5min; Michilli et al. 2020) and the generally even
less active rotating radio transients (RRATs; McLaughlin et al.
2006) show that a population of NSs exists that produce bright
but sporadic emission. Overall, while the amount of information
available for FRBs is limited, their behaviour falls within the
(admittedly broad) range of features exhibited by subpulse drift.

4.4.2. The analogue of pulsar/magnetar microstructure

In pulsars, the individual subpulses mentioned in the previous
sections themselves often contain yet another level of pus—ms
substructure (Kramer et al. 2002). Often narrow micropulses are
observed in groups of several spikes riding on top of an amor-
phous base pulse; although deep modulation down to zero inten-
sity has also been observed (Cordes et al. 1990). This so-called
microstructure is about three orders of magnitude narrower
(~us) than the enveloping subpulses (~ms), and the spacing
between spikes is quasi-periodic. For the well-studied pulsar
PSR B2016+28, for example, Strohmayer et al. (1992) find a
Q value (Sect. 3.1) of 5.7. In a set of four more pulsars,
Cordes et al. (1990, their Table 2) also find Q values of ~5.
The stability we find for FRB 20201020A, Q = 14, is some-
what higher than in these pulsars. However, for other models
(e.g., Sect. 4.3), there were much larger discrepancies for Q. We

therefore find the FRB Q value agrees with those seen in pulsar
micropulses.

A linear relation between the periodicity of the microstruc-
ture and the pulsar spin period has been established; first for pul-
sar spanning the period range 0.15-3.7 s (Mitra et al. 2015), and
next extended to millisecond pulsars (De et al. 2016). Recent
observations of the 5.5-second magnetar XTEJ1810-197 also
generally agree with the linear microstructure—period relation-
ship (Maan et al. 2019). The relation strongly suggests a phys-
ical origin, but the exact mechanisms for the microstructure
remains unclear. There are two main theories: a geometrical one,
based on distinct tubes of emitting plasma; and a temporal one,
based on modulation of the radio emission (see the discussion in
Mitra et al. 2015).

If we hypothesise that variations in FRB emission follow
from processes similar to microstructure, then in the geometri-
cal interpretation the FRB components are created when distinct
spatial structures in the magnetosphere of a rotating, FRB-
emitting NS pass, in turn, through our line of sight. In the tem-
poral interpretation, the entire FRB envelope is produced by a
single, wider beam from a rotating NS. Temporal modulations
in this beam then produce the substructure variations.

Even if the FRB subcomponent resemblance to pulsar
microstructure does not immediately allow for their exact physi-
cal interpretation, we can still apply the empirical periodicity—
period relation from Mitra et al. (2015) to these FRBs. Their
observed subcomponent periodicities lead to tentative NS spin
periods of between 0.3 and 10s.

In microstructure, an increase of pulsar period is met by
a linear increase in the component periodicity, as we discuss
immediately above. A similar relation with the spin period is
seen for the micropulse widths (Cordes 1979; Kramer et al.
2002). If we again consider the different components in
FRB 20201020A as microstructures, we can also apply this
relation. In FRB 20201020A, the average intrinsic component
width (i.e. after accounting for the inter-channel dispersion
smearing and the finite sampling time), defined as the FWHM,
is 250 + 30 ps, suggesting a tentative NS spin period in the range
of 0.3-0.6s. Given their required intrinsic brightness, FRBs
might actually be more closely related to the giant micropulses
as seen in the Vela pulsar (Johnston et al. 2001). On average,
those have even narrower widths (Kramer et al. 2002). However,
the bright single pulses from magnetar XTE J1810—197 could
be giant micropulses; and still these agree with the standard lin-
ear relationship between the normal micropulse width and spin
period (Maan et al. 2019). There therefore appears to be some
scatter in these relations. We conclude that if FRB 20201020A
consists of such giant micropulses, the tentative NS spin period
may increase, and fall on the higher side of the above estimated
period range.

One characteristic feature of microstructure is that linear and
circular components of emission closely follow quasi-periodic
total intensity modulation. This is also true for FRB 20210206A,
the only FRB presented in CHIME/FRB Collaboration (2022)
with a measurable polarised signal. Unfortunately, as mentioned
in Sect. 2.3, we were not able to obtain a robust Stokes parameter
calibration, which would have been useful for comparison with
typical pulsar microstructure features.

4.4.3. The magnetar connection

The microstructure that was previously known only in pulsars
has recently also been observed in radio emission from mag-
netars, especially in the radio-loud magnetar XTE J1810-197.
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This suggests a further expansion into FRBs is worth consider-
ing. The 2018 outburst of XTE J1810-197 led to high-resolution
detections and studies at different epochs and radio frequen-
cies (Levinetal. 2019; Maan et al. 2019; Caleb et al. 2021).
The magnetar exhibits very bright, narrow pulses; and for dis-
cussions on the classification of these, we refer to Maan et al.
(2019) and Caleb et al. (2021). The source also exhibits multi-
component single pulses that show quasi-periodicity is the sep-
aration between different components. If we assume FRBs
originate from magnetars, it is possible that the quasi-periodicity
that is seen in the sample presented in this paper can be tied to
a similar underlying emission mechanism on a different energy
scale. Much of the available energy budget is determined by the
period and magnetic field. The spin-period range we find covers
the periods of the known magnetars. Magnetars with a relatively
short period of about >2s plus a strong surface magnetic field
of >10'* G would produce a larger vacuum electric field (due
to the rotating magnetic field) than normal, slower magnetars.
While part of this vacuum field will be shielded out, the fraction
that remains present in the plasma-starved regions is responsible
for the particle acceleration. Short-period, high-field magnetars
could therefore conceivably generate stronger acceleration and
larger Lorentz factors such as those required for FRB luminosi-
ties. It would be interesting to compare the FRB luminosity of
sources with different supposed spin periods within this model.

4.5. Morphological type

Based on the first CHIME/FRB catalogue, Pleunis et al. (2021)
identified four FRB types based on their morphology. These
classes are simple broadband, simple narrowband, temporally
complex and downward drifting. Downward drifting bursts are
commonly associated with repeating FRBs (Hessels et al. 2019),
and A17 and A53 are unequivocal examples of this morpholog-
ical type. Bursts classified as temporally complex are those pre-
senting more than one component peaking at similar frequencies,
but with no constraint on the separation between components.
This class makes up for 5% of the FRBs presented in the
CHIME/FRB catalogue, but <0.5% of the FRBs show five or
more components.

With the detection of FRB20191221A, FRB 20210206A,
and FRB 20210213A, CHIME/FRB Collaboration (2022) pro-
pose the existence of a new group of FRBs with periodic pulse
profiles. FRB20201020A is the first source detected by an
instrument other than CHIME/FRB showing a quasi-periodic
pulse profile, thus adding a new member to this nascent FRB
morphological type. Whether all burst profile classes can be
formed by a single progenitor type, or whether these signify
physically distinct progenitors is an ongoing matter of debate
(cf. Petroff et al. 2022).

All three FRBs, namely FRB 20201020A and the CHIME
FRBs 20210206A and 20210213A, have six components or
fewer, and none of these FRBs reach a 30 significance for
the periodicity. This could be explained by the structure of
the magnetosphere of magnetars formed by roughly equally
spaced emission regions. The higher number of components in
FRB 20191221A might reduce the effect of jitter in each single
component and thus increase the significance of the periodic-
ity. Alternatively, given its longer period, envelope duration, and
higher periodicity significance, the CHIME FRB 20191221A
could have been produced by a magnetar outburst lasting sev-
eral rotations or a single burst comprising crustal oscillations.

Considering the scarcity of FRBs with a regular separa-
tion between components, the detection of FRB20201020A
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is remarkable given that the number of events detected with
Apertif is a few orders of magnitude lower than CHIME/FRB.
This suggests that a larger fraction of FRBs with quasi-periodic
components might be visible at higher frequencies. Certain
astrophysical and instrumental effects could play a role at blur-
ring together multi-component bursts at lower frequencies. This
includes interstellar scattering, which evolves as 7 ~ y=4, as well
as intra-channel dispersive smearing, which scales as v=3, and
finite sampling of existing instruments that prevent detection of
components narrower than the sampling interval. Searches of
multi-component FRBs with a regular spacing might therefore
be more successful at higher frequencies.

The bursts A17 and A53 from FRB 20180916B discussed
in this work, although similar to FRB 20201020A at first glance,
do not show conclusive evidence for periodicity in their subcom-
ponents. This, added to the downward drift in frequency of the
subcomponents common in bursts from repeating FRBs, differs
from FRB 20201020A and the CHIME/FRBs FRB 20191221A,
FRB 20210206A, and FRB 20210213A. This might suggest the
presence of a different emission process between the bursts from
repeating FRBs and the FRBs with quasi-periodic components,
or an additional mechanism modulating the bursts.

5. Conclusions

In this paper, we present a new fast radio burst detected
with Apertif, FRB20201020A. This FRB shows a quasi-
periodic structure analogous to the three FRBs presented in
CHIME/FRB Collaboration (2022). However, the average spac-
ing between its five components is ~0.411 ms, in the submil-
lisecond regime. We performed a timing analysis of the FRB,
and conclude that the periodicity has a marginal significance of
~2.40, which is comparable to the significance of the CHIME
FRBs 20210206A and 20210213A. Given the scarcity of FRBs
with quasi-periodic structure detected so far, these particular
FRBs were likely produced via the same mechanism, and we
postulate that they constitute a new FRB morphological type.

Additionally, we performed a timing analysis of bursts A17
and AS53 from Pastor-Marazuela et al. (2021), the bursts with
the highest number of visible subcomponents, but find no con-
clusive evidence of periodicity in these bursts. In A53, a burst
with 11 or more components, we find an average subcomponent
spacing of ~1.7 ms. For the five-component burst A17, the aver-
age subcomponent separation is ~1 ms. These timescales are of
the same order of magnitude as the subcomponent separation in
FRB 20201020A.

We discussed several interpretations of the quasi-periodicity,
and we rule out the submillisecond pulsar and the binary
compact object merger scenarios as potential progenitors to
FRB 20201020A. However, its morphology is comparable to
pulsar subpulses and pulsar microstructure, and similar struc-
tures have been observed in single pulses from radio-loud
magnetars. We therefore conclude that the structure in the mag-
netosphere of a magnetar could be at play in producing bursts
such as FRB 20201020A and the CHIME FRBs 20210206A and
20210213A. On the other hand, given the high significance of the
period detected in FRB 20191221A, as well as the higher burst
separation of ~200 ms, the structure seen in this CHIME/FRB
burst could have been produced by a magnetar outburst lasting
several NS rotations.
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Appendix A: Multi-frequency scintillation analysis
of FRB 20201020A.

In this section, we detail the analysis of the frequency-dependent
decorrelation bandwidth of FRB 20201020A, as mentioned in
§ 2.1. We obtain the spectrum of the FRB by averaging over
the time bins that we find to contain signal from the burst, as
determined by eye. As the frequency fluctuations appear to be
the same in all burst components, we compute the spectrum of
all components together. The spectrum is shown in the bottom
left panel of Fig. A.1. We first computed the ACF(v) over the
whole bandwidth using Equation 1. We then fit the central peak
of the ACF to a Lorentzian function, and define the decorrelation
bandwidth as the HWHM. The ACF is shown in the top panel of
Fig. A.1, with a zoomed-in version below. Next, we divided the
whole bandwidth of the spectrum into four subbands of 75 MHz
each, and computed their respective ACFs and obtained their
HWHM through a Lorentzian fit. The resulting HWHMs are
given in Table A.1. The right panel of Fig. A.1 shows the evolu-
tion of the fitted HWHM with frequency.
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Fig. A.1. Scintillation analysis of FRB 20201020A. Panel (a) shows the
ACEF of the full spectrum of the FRB in black, with a grey solid line
showing the fit of the central peak to a Lorentzian function. Panel (b)
shows a zoomed-in version of the central 75 MHz of the ACF, with a
yellow dashed line with shaded regions indicating the HWHM of the
fitted Lorentzian. Panel (c) shows the spectrum of the FRB, with four
different colours indicating the four sub-bands it was divided into. Pan-
els (d), (e), (f), and (g) show the ACF of each of the four subbands
of the spectrum, with colours matching the division of the spectrum,
and the grey lines showing the fit of the central peak to a Lorentzian.
The yellow dashed line with shaded contours marks the position of the
HWHM. Finally, panel (h) gives the HWHM of each sub-band as a
function of frequency. The coloured markers match the colours of the
subbands, and the black marker indicates the HWHM over the whole
spectrum. The black dashed line indicates the expected evolution with
frequency for a power-law index @ = 4.4, as expected from scintillation
in the ISM. The grey line marks the fit of the four sub-band HWHMs
to a power-law function, and the yellow line marks its fit to a linear
function.

The evolution of HWHM is not monotonic; the values of the
highest and lowest sub-bands are lower than the intermediate

Table A.l. Decorrelation bandwidth of FRB 20201020A in different
frequency ranges.

Frequency range (MHz) HWHM (MHz)
1220 - 1520 11.3+0.2
1220 - 1295 122 +0.2
1295 - 1370 15.0 £ 0.7
1370 — 1445 198 £ 1.1
1445 — 1520 10.8 £ 0.2

sub-bands. This is likely explained by the low number of scintles
within each sub-band and by the low S/N of the scintles of the
intermediate sub-bands.

We fitted the frequency evolution of the decorrelation band-
width to two different functions. A power-law function with
power-law index 4.4 is expected from scintillation in the ISM
with a Kolmogorov spectrum (Cordes et al. 1985). By fitting to a
power law, we obtain Avy o« V30 which differs from the expected
power-law index. Additionally, we fit the Avy to a linear func-
tion, and find Avg = —6.25 x 1073y + 20.79. This would indicate
that the decorrelation bandwidth increases at lower frequencies.
The evolution of the FRB intensity fluctuations with frequency
appears to be at odds with what is expected from scintillation in
the ISM. However, the low number of scintles within the observ-
ing bandwidth does not allow us to confirm whether the fre-
quency structure is intrinsic to the source or is instead produced
by the propagation of the radio waves through the interstellar and
intergalactic medium.

Appendix B: 2D auto-correlation functions of
FRB 20201020A, A17 and A53

" FRB201020

300 ff

200

100 |

Af (MHz)
<}

—-100

—200

—30025 ~1 ) 0 2 1 6
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Fig. B.1. Two-dimensional ACFs of FRB 20201020A. The lower left
panel shows the 2D ACF in green, and the 2D Gaussian fit as black
elliptical contours. The top panel shows the frequency-averaged tempo-
ral ACF in black and the Gaussian fit in green. The left panels show the
time-averaged ACF in frequency in black and the Gaussian fit in green.

In this section, we show the 2D auto-correlation functions
(ACF)? of FRB20201020A, A17 and A53 (Figs. B.1-B.3).

8 Computed with the signal.correlate2d function of the SciPy
python package.
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Appendix C: Galaxies within the FRB error region

In this Appendix, Table C.1 shows the galaxies identified
within the 99% confidence interval on the localisation of
FRB 20201020A.

Table C.1. Galaxies within the error region of FRB 20201020A.

~ Object name Magnitude and filter
E SDSS J135123.63+490313.1 21.9¢
4 SDSS J135123.70+490236.7 22.3¢g
SDSS J135124.48+490159.8 22.8¢g
SDSS J135124.60+490131.7 23.5¢g
SDSS J135125.72+490128.7 22.1¢g

~300 . . . . . . . / . Notes. These galaxies were queried from the NED database. None have
6 -4 2 At (Oms) 2 4 6 a measured redshift.

Fig. B.2. Same as B.1 but for A17.
Appendix D: Rotation measure
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After computing the ACFs, they were fitted to 2D Gaussians 3 ;1 !
with an inclination angle. This inclination angle gives us arobust & ol 1
drift-rate estimate of the burst subcomponents Hesselsetal. g —250 0 250 500
(2019). We obtained the time and frequency ACFs by averaging % 200
in frequency and time, respectively. s i
The HWHM of a Lorentzian fitted to the central peak of the 100+ :
frequency ACF gives the scintillation bandwidth of the FRB. j
In addition, any structure in the temporal ACF can provide us . . . i . . /
with information about any dominant timescales in the pulse ~fo000 —7500 —5000 —2500 0 2500 5000 7500 10000
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Fig. D.1. Measured polarisation properties of FRB 20201020A. The top
panel shows the Stokes parameters I (black), Q (blue) and U (yellow) as
a function of frequency, calibrated by assuming Stokes V to be zero. The
second panel shows the measured phase between Q and U (black dots)
and its fit in green. The bottom panel shows the RM-synthesis solution,
with the polarised amplitude as a function of RM. The dashed green line
marks the position of the maximum, at RM=+110 + 69 pccm™>. The
inset shows the same, but zoomed in at the central peak of the polarised
amplitude.

In this section we show the results from the polarisation and
Faraday rotation calibration, shown in Fig. D.1. Note that the
best RM of 110 + 69 pc cm™ is close to the lower limit of what
Apertif can measure given its central frequency and bandwidth.
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Appendix E: Periodicity significances the CHIME FRBs 20210206A and 20210213A under different
null hypotheses and simulated aperiodic subcomponent spac-

Table E.1 gives the periodicity significance and percentiles of ings, assuming different exclusion parameters 7.

FRB 20201020A, the FRB 20180916Bbursts A17 and A53, and

Table E.1. Statistical significance of burst periodicities in this study using different methods.

FRB 20201020A  FRB 20180916B A17 FRB20180916B A53 | FRB20210206A  FRB 20210213A

n  Percentile o  Percentile o Percentile o Percentile o  Percentile o
r/\/z,l'[

0 99.06 2.60 95.43 2.00 99.12 2.62 96.26 2.08 99.71 2.98
0.1 98.73 2.49 94.18 1.89 98.56 2.45 95.30 1.99 99.64 2.92
0.2 98.34 2.40 92.60 1.79 97.81 2.29 93.82 1.87 99.47 2.79
0.3 97.64 2.26 90.24 1.66 96.33 2.09 91.59 1.73 99.07 2.60
0.4 96.60 2.12 87.09 1.52 93.95 1.88 88.47 1.57 98.58 2.45

rX2,P

0 99.35 2.72 95.51 2.01 98.13 2.35 97.14 2.19 99.85 3.18
0.1 99.16 2.63 94.22 1.90 96.97 2.17 96.14 2.07 99.79 3.07
0.2 98.76 2.50 92.32 1.77 95.15 1.97 94.72 1.94 99.67 2.94
0.3 98.22 2.37 89.36 1.61 91.92 1.75 92.34 1.77 99.45 2.78
0.4 97.25 2.20 84.61 1.43 86.70 1.50 88.36 1.57 99.07 2.60

S, I

0 87.41 1.53 99.82 3.12 72.25 1.09 92.54 1.78 99.22 2.66
0.1 85.93 1.47 99.78 3.06 69.10 1.02 91.77 1.74 99.12 2.62
0.2 84.17 1.41 99.75 3.03 65.43 0.94 90.89 1.69 99.10 2.61
0.3 81.54 1.33 99.72 2.99 60.75 0.85 89.65 1.63 98.93 2.55
0.4 78.57 1.24 99.71 2.98 54.69 0.75 87.91 1.55 98.75 2.50

S,P

0 91.40 1.72 99.86 3.19 89.22 1.61 96.74 2.14 99.45 2.77
0.1 90.13 1.65 99.84 3.15 87.85 1.55 96.29 2.08 99.39 2.74
0.2 88.50 1.58 99.81 3.11 85.75 1.47 95.59 2.01 99.29 2.69
0.3 86.21 1.48 99.79 3.08 83.04 1.37 94.77 1.94 99.22 2.66
0.4 83.44 1.39 99.74 3.01 79.61 1.27 93.92 1.87 99.06 2.60

Notes. For each burst, the periodicity significance is estimated using the reduced chi-square statistic (ry?) and the $ statistic (Equations 3 and
4), and subcomponent spacings simulated from a rectangular (IT) and a shifted poissonian (P) distribution. the percentiles give respectively the
percentage of simulations with statistics above the measured ry? or below the measured S. o gives the equivalent Gaussian significance.
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Appendix F: Maximal number of orbits in binary
merger

To demonstrate that a binary merger cannot explain the morphol-
ogy of FRB 20201020A, we computed the maximal number of
orbits that a binary system could complete after reaching a fre-
quency of 240 Hz. Following Cutler & Flanagan (1994, equation
16), we derived the analytical expression for the phase of the
gravitational waveform as a function of time, ¢(#), by solving
the differential equation of % and integrating f(¢) = ’fj—‘f(t), where
f(®) is the GW frequency. We computed the maximal number of
orbits that could be completed between the time when the system
reaches the FRB frequency and the time of the merger through
the maximal phase difference Ay, following the steps given
below. We start with Eq. 16 from Cutler & Flanagan (1994):

df 96 GM\"?
d—f; =5 (—C3 ) S =Mt (E.1)

We define M = 2783 (Gc—gM)SB, where M = > M?P is the
chirp mass, M = M; + M, the total mass of the system and
u = M{M,/M the reduced mass. G is the gravitational constant
and c the speed of light in the vacuum (we note that we do not
make the replacement G = ¢ = 1). We solve the differential
equation to find f(r):

-3/8
ro={5 -5 (F2)

Here, fy is the frequency at r = 0. To get the orbital phase, we
solve the differential equation % = 2nf(t) and we get:

(F3)

_ 6 -8/3 8SM 5/8
P(1) = SM (fo 3 t) +C.

The value of C is given by the initial conditions; ¢(0) = 0 so
we get C = 5%[ 0_5/ 3. In the simplest scenario where we assume
the objects in the binary system to be point-like sources, the
merger will happen when %t - fo_s/ 3 = 0, from which we define
the maximal orbital phase A¢y,x = C. Finally, we get the expres-
sion the maximal number of orbits between the FRB frequency
and the time of the merger, assuming our initial frequency f; to
be the inverse of the FRB subcomponent separation frrp:

1 (GM)_5/3

-5/3

Apmax = FRB * (F4)

16753 \ ¢3
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Fig. F.1. Maximal orbital phases a binary system can complete before
a merger after reaching a GW frequency of 2435 Hz (solid lines) and
4818 Hz (dashed lines). The dashed and dotted black horizontal lines
mark phases of 8x (four rotations) and 27 (one rotation), respectively,
which are required to see five and three FRB subcomponents, respec-
tively. The orbital phases were computed for binary systems with the
mass of the first compact object being M;=0.2 Mg, (blue), 1.4 M, (pink)
and 100 M, (green), while the mass of the second object M, ranges
between 0.2 and 100 Mg. The dot-dashed grey vertical line indicates
M, = 1.4 M,.

Here, M = ;13/5M2/5 is the chirp mass, with M = M| + M,
the total mass of the system and u = M;M;,/M the reduced
mass. G is the gravitational constant and c the speed of light
in the vacaum. We computed A, for three values of M| =
0.2,1.4,100Mg, and a range of M, values between 0.2 Mg
(close to the lowest mass WD; Kilic et al. 2007) and 100 M. We
tested both fy =2435 Hz and 4818 Hz as initial GW frequencies.

As shown in Fig. F.1, only a WD-WD system could com-
plete four rotations (A¢m.x = 87) after reaching frrp = 4818 Hz.
However, given the typical WD radius of 5000-10000 km, this
is not a realistic scenario. Additionally, the expected separation
between the two WD when reaching this frequency would be
lower than their radius. As none of the systems with masses cor-
responding to a BNS or BHNS system could reach A¢nax = 8,
we can discard the pre-merger scenario as an explanation for
FRB 20201020A.

This FRB frequency could only be produced at the very
last moments of the inspiral, right before the merger. At this
stage, the frequency derivative would be very high, which
translates to a perceptibly decreasing spacing between burst
subcomponents.
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