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Abstract

We present microsecond-resolution, coherently-dedispersed, polarimetric measurements of 35 fast radio bursts (FRBs) detected during
the Commensal Real-time ASKAP Fast Transients (CRAFT) incoherent sum (ICS) survey with the Australian Square Kilometre Array
Pathfinder (ASKAP). We find a wide diversity of time~frequency morphology and polarisation properties broadly consistent with those of
currently known non-repeating FRBs. The high S/N and fine time-resolution of our data however reveals a wealth of new information.
Key results include (i) the distribution of scattering timescales, Ty, is limited purely by instrumental effects, with no downturn at high
Tobs 2 expected from a log-normal distribution; (ii) for the 29 FRBs with known redshift, there is no detectable correlation between T,
and dispersion measure (DM) fluctuations about the Macquart relation, in contrast to expectations from pulsar scattering-DM relations;
(iii) all FRBs probably have multiple components, and at least a large fraction have variable PA, the identification of which is limited by
scattering; (iv) at least half of all FRBs exhibit PA microstructure at 200 ps—200 ns timescales, with behaviour most closely resembling a
sub-category of Crab main pulses; (v) that there is a break in the FRB circular polarisation distribution at Stokes V' > 20%, which is

suggestive of a discrete sub-population.
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1. Introduction

The mechanisms by which fast radio bursts (FRBs) — bright
and unpredictable extragalactic bursts of radiation with du-
rations typically of order milliseconds (Lorimer et al. 2007;
Thornton et al. 2013) — are produced are not known. Charac-
terising the FRB emission mechanism is made more complex
by the great diversity in burst properties of the FRB pop-
ulation, including duration, spectral extent, time-frequency
morphology, repetition, and polarisation (Pleunis et al. 2021),
while propagation effects such as scattering can obscure the
underlying FRB properties. Models attempting to explain
FRB emission abound, and it is possible that there are multiple
mechanisms that can produce FRBs (e.g. Platts et al. 2019).
A general constraint is that the emission process must be a
coherent one, deduced from the extreme brightness temper-
atures (> 1032 K, Lu and Kumar 2019), far in excess of any
known possible thermal process, and above what is allowed for
synchrotron radiation (Kellermann and Pauliny-Toth 1969).

The time-frequency morphologies of FRBs have been seen
to be extremely varied, with some bursts containing one or
more components of similar or varying frequency structure
(e.g. Hessels et al. 2019; Day et al. 2020). Trends in morphol-
ogy in bursts detected by the Canadian Hydrogen Intensity

Mapping Experiment (CHIME) indicate a difference between
repeating and non-repeating FRBs, with repeating bursts tend-
ing to be narrower in bandwidth and broader in duration
(Pleunis et al. 2021).

Due to high data rates, most FRB searches are performed at
millisecond time-resolution, which can integrate over detailed
FRB structures. Studies at significantly higher time-resolution
therefore offer great potential for discerning the nature of FRB
emission as well as their environment (Farah et al. 2018). For
example, Nimmo et al. (2022) observed in FRB 20200120E
structure on timescales between 60 ns and 5 ps, which implies
an upper limit on the emission region of 20~1500 m, ignoring
relativistic beaming effects. This is inconsistent with emis-
sion from a synchrotron maser in a relativistic shock, instead
favouring a magnetospheric origin. Hewitt et al. (2023) ob-
serve two distinct types of structure in FRB 20220912A: broad
frequency-drifting components and extremely narrow “mi-
croshots”, and propose that each arises from different emission
processes.

Measured FRB polarisation properties also display diverse
features and behaviours. These include high polarisation frac-
tions and extremely large and variable rotation measures (RMs;
Michilli et al. 2018); changes in the degree and basis of po-
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larisation over the durations of bursts (e.g. Cho et al. 2020;
Bera et al. 2025); depolarization at low frequencies (Feng et
al. 2022); and swings in the polarisation position angle (PA;
Luo et al. 2020; Mckinven et al. 2025).

While the majority of FRBs detected to date originate
from a small number of powerful repeaters, it is important to
determine the polarisation properties of the FRB population as
a whole, especially since strongly repeating FRBs are known
to have atypical spectro-temporal properties (e.g. Hessels et
al. 2019). Sherman et al. (2024) recently presented high-time
resolution polarimetric measurements of 25 apparently one-
off FRBs detected by the Deep Synoptic Array (DSA). They
found their sample to be consistent with all FRBs being intrinsi-
cally highly linearly polarised, with variations in the measured
properties being due to effects of propagation through the
media around the progenitors. Sand et al. (2025) analyse the
high-time-resolution structure of 137 FRBs detected by the
Canadian Hydrogen Intensity Mapping Experiment (CHIME)
for which baseband data is available, including 12 repeat bursts,
while Pandhi et al. (2024) analysed the polarisation proper-
ties of 128 non-repeaters. They find a consistent distribution
of properties with those of DSA, identify sub-burst compo-
nents as narrow as 23us, and search for — but do not find
— correlations between scattering timescale and other FRB
properties. FRBs were classified according to the variability of
their PA, and the apparent number of sub-components. Both
analyses however identified signal-to-noise (S/N) and time res-
olution as limiting their ability to resolve FRB features. Given
this, ongoing efforts to expand the sample of FRBs studied in
full polarisation at high S/N and time resolution are strongly
motivated.

The Australian Square Kilometre Array Pathfinder (ASKAP,
Hotan et al. 2021) is a radio interferometer at Inyarrimanha
llgari Bundara, the Murchison Radio-astronomy Observatory,
that is applied to FRB searches by the Commensal Real-time
ASKAP Fast Transients (CRAFT) collaboration. Through
real-time detection & voltage capture (Bannister et al. 2019),
polyphase filterbank (PFB) inversion (Morrison et al. 2020),
and coherent beamforming, CRAFT is able to obtain coherently-
summed measurements of the complex electric field of FRB
signals in two orthogonal linear polarisations at the bandwidth-
limited time resolution of (336 MHz)™! ~ 3 ns. This permits
full polarimetric analysis at high-time resolution of FRBs de-
tected with ASKAP, including one-off bursts for which the
arrival times and positions are not known a priori. This was
originally performed for FRB 20181112A by Cho et al. (2020),
and has been applied to several particularly interesting ASKAP
FRBs since.

A sample of 43 FRBs detected by ASKAP in incoherent
sum mode (ICS; Bannister et al. 2019) has recently been
presented by Shannon et al. (2025), 30 of which have high
probability host galaxy associations and, hence, redshifts. Here,
we present the sub-sample of 35 FRBs for which high-time-
resolution data is available, of which 34 are consistently pro-
cessed through the CRAFT effortless localisation and enhanced
burst inspection (CELEBI) pipeline (Scott et al. 2023) to obtain
extremely high-time resolution polarimetric data. §2 describes

https://doi.org/10.1017/pasa.2025.10103 Published online by Cambridge University Press

D.R. Scottetal.

the methods of detection, data processing, and analysis, while
§3 displays the bursts themselves and summarises their proper-
ties. In §4, we discuss the implications of this data, which we
broadly divide into FRB classification (§4.1), scattering anal-
ysis (§4.2), polarisation analysis (§4.3), and other properties
(§4.4). We summarise key results in §5.

We also note that the high-time resolution properties of
a number of FRBs included in this sample have previously
been studied. Day et al. (2020) presented FRBs 201809248,
20190102C, 20190608B, 201906118, and 20190711A, although
these high time resolution data were obtained via an imag-
ing method (with a maximum time resolution of 0.05 — 0.2
ms), rather than by PFB inversion and coherent beamform-
ing. FRBs studied at high-time resolution using the CELEBI
pipeline include FRB 20210912A (Bera et al. 2024), FRB
20210117A (Bhandari et al. 2023), and FRB 20230708A (Dial
et al. 2025). The scintillation and scattering properties of nine
of the bursts in our sample have also been previously studied
(Sammons et al. 2023), while twelve have been analysed for
depolarisation (Uttarkar et al. 2025). Unless otherwise noted,
values have been re-derived to ensure a consistent — though
not necessarily more accurate — sample, and so numbers re-
ported may be discrepant between analyses. The primary
exception to this is FRB 20181112A, where we take results
from Cho et al. (2020).

2. Methods

2.1 Data acquisition
All FRBs presented here were detected using ASKAP’s incoherent-
sum detection mode (Bannister et al. 2019) to perform untar-
geted searches for bursts over a 336 MHz bandwidth, with a
central frequency V varying between 832.5 MHz and 1631.5 MHz.
This search is primarily performed commensally with other
observations. Each of ASKAP’s 12 m diameter antennas is fit-
ted with a phased-array feed which forms 36 dual-polarisation

eams over a total field of view of ~ 30 degz. The signal in
each of these beams is integrated to a time-resolution of be-
tween 0.864-1.728 ms, incoherently summed across antennas,
and searched for dispersed pulses in real time. Complex samples
of the electric field in each beam of each antenna are stored
in a ring buffer able to hold 3.1s of 4+4 bit complex data in
336 1-MHz channels (since mid 2024, the bit resolution of the
buffer has been changed to 1+1 bit in order to provide longer
latency at the cost of increased quantisation noise). This is con-
tinuously written to until an FRB is detected, at which point
these voltage buffers are frozen and downloaded from all avail-
able antennas for further processing. See Shannon et al. (2025)
for a fuller description of the history of this observation mode.

2.2 Processing

We process the raw voltages from each FRB to obtain high-
time resolution polarimetric data using CELEBI (Scott et
al. 2023), updates to which will be described in a future work
(Glowacki et al., in prep.). In short, after interferometric burst
localisation, CELEBI performs polyphase filterbank inversion
and beamforming to obtain the complex electric fields in two
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orthogonal linear polarisations (which, following the termi-
nology used in Hotan et al. (2021), we refer to as X and Y) at
the bandwidth-limited time resolution of (336 MHz)™! ~ 3 ns,
coherently summed across all antennas for which data is avail-
able. These data are initially coherently dedispersed to the DM
measured at detection.

Corrections for polarisation leakage — calculated from
observations of a polarisation calibrator accounting for the
residual instrumental XY phase lag and ellipticity — are
applied to the X and Y voltage data. Complex voltage dynamic
spectra in X and Y are then constructed with 336 channels of
width 1 MHz and time resolution 1 ps via a 336-point complex-
to-complex fast Fourier transform. Dynamic spectra in each
of the Stokes parameters I, Q, U, and V are derived directly
from the X and Y data.

We note that five of the FRBs presented in this paper
— FRBs 20210320C, 20211212A, 20220725A, 20240201A,

namic spectra in all four Stokes parameters over frequency to
obtain the respective time series profiles.

2.2.2 Dedispersion
We perform a structure-optimising dedispersion using the
method of Sutinjo et al. (2023), which maximises the sum of

(dj/dt)z. I is the FRB’s Stokes-I profile (constructed using the
above procedure) after being averaged in time (“t-scrunched”)
and passed through a low-pass filter to remove noise. The filter
frequency is chosen to obtain the lowest uncertainty on the
structure-maximising DM, DMg¢rycr. All results shown in this
work have been coherently dedispersed to DMgeryct.

2.3 Analysis
The following analyses are performed on high-time-resolution,
dedispersed dynamic spectra. In what follows, we calculate

20240210A — were detected significantly off-axis in the edge/cornegrrors on quantities by measuring the off-pulse standard devia-

beams of the ASKAP phased array feed (see Hotan et al. 2021,
for details), i.e. outside the half power point of the respective
beam across the observing frequency band. The measured po-
larisation properties of these FRBs may be affected by complex
and uncorrected instrumental response even if polarisation
calibration has been applied, as the calibration solutions — cal-
culated with the calibrator at the centre of the respective beam
— may not be adequate to correct for the instrument-response
at the position of the FRB. A preliminary investigation suggests
that, in the worst-case scenario where the FRB location coin-
cides with a null in the (frequency-dependent) beam pattern,
relative systematic errors AQ/Q, AU/U, and AV/V could be
as large as 30%. For the rest of our sample, in the worst-case
scenario of an FRB detected at the half-power point on the
outer edge of a corner beam, the error is expected to be at
most 10%. We intend to re-examine these FRBs in a future
work, and for now, we mark these five off-axis FRBs in our
data tables, and suggest caution when using their polarisation
properties.

2.2.1 Bad channel removal

Parts of the observing band of some FRBs are affected by
RFI, which are identified using the off-pulse noise statistics
and masked. The remaining channels of the dynamic spectra
are then normalised such that the off-pulse noise has a mean
of zero and standard deviation of unity (assuming Gaussian
noise).

The 3.1's duration of the voltage buffers and the latency of
the real-time detection sometimes (O ~ 25s) results in some of
the higher-frequency components of the burst falling out of
the ring buffers before they can be frozen and the data down-
loaded due to the dispersive time delay, which can be ~ 4 for
a 1,000 pc cm™ FRB observed at the lower end of ASKAP’s
frequency range. We therefore remove these channels in order
to avoid adding unnecessary noise to the time profiles, and to
prevent the false impression of a sharp spectral cutoff in the
dynamic spectra.

Once channels have been removed, we integrate the dy-

https://doi.org/10.1017/pasa.2025.10103 Published online by Cambridge University Press

tion in the Stokes parameters, 07 ¢ i,17, and applying standard
error propagation techniques.

2.3.1 Signal-to-noise

Relative to our real-time ICS detection system, our offline S/N
is boosted due to coherent beamforming, coherent dedisper-
sion, better RFI flagging, and higher time resolution. How-
ever, for high-DM FRBs, our real-time system is sometimes
unable to generate a trigger in time to capture the entire FRB
signal in our buffer, resulting in the loss of high-frequency
components, and degrading the S/N.

We calculate our offline S/N values, S/N g, using a moving
boxcar of variable width, and report the maximum value over
all possible boxcar windows. For the sample presented here,
these effects result in S/N of between 21 and 479, representing
no gain, to a factor of 15 gain, above the real-time detection
S/N.

2.3.2 Width

The apparent width of an FRB is an ill-defined quantity, with
many FRBs exhibiting broad structures that only appear at low
S/N. Hence, any measure of FRB width will be dependent on
the S/N at which that FRB is detected. The S/N-maximising
width calculated above typically reflects only the strongest,
narrow peak of an FRB, and ignores broader underlying struc-
tures.

Instead, we choose to define a box-car width wos as the
smallest width that encloses 95% of the total burst fluence.
We also defined the zero point reference in time to bisect the
fluence distribution.

2.3.3 Rotation measure

To fit for rotation measure (RM), we first integrated the Stokes
I, Q and U dynamic spectrum of each FRB over the burst win-
dow to obtain 1 MHz Stokes spectra. We employed two dif-
ferent techniques. QUfitting was used as the primary method
for its robustness against band-limited FRBs such as FRB
20211212A and FRB 20220610A. Our implementation of
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QUifitting is a Bayesian method that maximises the likelihood
(Bannister et al. 2019, Supplementary material)
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where L' is the de-biased total linear polarisation (Everett
and Weisberg 2001),

2
o2 do (GLI) -1 £>157 0)
0 otherwise,

L = JQ@+U12, (3)

and 1 is the polarisation position angle (PA),

P(v) = RMc?v;? + . (4)

Here, 0y, 0y, and oy, are measured as the off-pulse noise in the
Stokes I, Q and U dynamic spectra in channel i with frequency
vi. RM and ) are sampled using Dynesty (dynamic nested
sampling; Speagle 2020) within BiLsy (Ashton et al. 2019).

Measurements of RM require properly calibrated polarisa-
tion, which is achieved for a majority of FRBs in our sample.
However, there are two situations in which we are unable to
derive adequate solutions for polarisation calibration. (1) J1644-
4559 is used as a calibrator at the ASKAP low-band (central
frequency < 919.5 MHz). Its period of 0.4555s is not much
shorter than the 3.1s voltage download, meaning that only
a small number of pulses can be captured. With the addition
of high scattering at low frequency, there is not enough S/N
to properly model and remove any polarisation leakage. (2)
The FRB was detected on an edge/corner beam where there
is potentially high polarisation leakage that we can not model
appropriately with our current polarisation calibration. For the
sub-sample of FRBs that do not meet the conditions for polar-
isation calibration, we can still estimate the RM using Faraday
rotation measure synthesis (Brentjens and de Bruyn 2005) as
long as the true integrated RM is not close to zero. This is
possible since we expect any polarisation leakage to manifest
as a peak centered at zero in the Faraday depth function (FDF)
(Ng et al. 2020).

To estimate the RM using the FDF, we first mask any chan-
nels where the Stokes power I(f) < 3.00;, which is significant
in the case of band-limited and/or highly scintillating FRBs.
The masked Stokes spectra and off-pulse channel variance
were then passed to RM-Toors (Purcell et al. 2020).

Of our two methods, FDF is the most robust, and produces
results for all FRBs analysed. For FRBs where both QUfitting
and FDF results are available, the estimated RM agrees within
the errors for all except one FRB (20211212A), which is suffi-
ciently band-limited that we do not consider either estimate
reliable.
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Using our best-fit RM, we correct Q and U according to
ll)(f ) from the best-fit RM,

Q(.f) = Qlt.f) cos2w(f)) + U (. f) sin(2(f)),
U'(5.f) = =Q(e. ) sin(b (f)) + U(r, f) cos(2b(f)),

and integrate over frequency to obtain time-profiles.

We also estimate the Galactic RM contribution RMpw
along the line-of-sight to the FRB source as given by Hutschen-
reuter et al. (2022) using the FRB software package (Prochaska
et al. 2023), and subtract this from the total RM to determine
the extragalactic RM contribution, RMEgg.

In this work, we do not investigate any change in RM over
time within a burst.

()

2.3.4 Position angle
To calculate burst PA profiles, we follow the method outlined

in Day et al. (2020). To briefly summarise, we calculate the
PA () as
1 U'(r)
W(r) = 3 arctan (Q’(t)) , (6)
where Q/() and U’(¢) are the RM-corrected Stokes Q and U

profiles. We then plot only time steps where the total linear
polarisation fraction is significant, i.e. L' > 307.

2.3.5 Polarisation fractions

Average polarisation properties are calculated by integrating
I(t), L' (1), and 1V (1)) profiles over the burst window wos to
obtain I, L, and |/, and corresponding polarisation fractions,
L/ and V/I. 1V ()l is de-biased to IV (f)l to account for the
modulus (Karastergiou et al. 2003; Oswald et al. 2023),

i {|V|-a,\/;, V1> opy/2 o)

0 otherwise.

We also calculate the total polarisation fraction

P2+ %5 )

I I

2.3.6 PAswings
We characterise the position angle (PA) of our FRBs into three
classes: those exhibiting constant PA, those showing a linear
trend, and those with a variable PA. To do this, we use an F-test
to determine if the reduction in x? from fitting polynomials
of higher order provides a significantly better fit than those of
lower order. While quadratic and cubic polynomials generally
do not reflect the actual behaviour of FRBs with non-linear
PA swings, these fits are sufficient to identify the overall trend.
We use a p-value threshold of 0.01 to reject a lower-order
polynomial in favour of a higher-order polynomial (linear vs.
constant; quadratic or cubic vs. linear or constant). We also
calculate the x? for each fit to determine if the fits are good.
A fuller analysis of FRB polarisation state variation is best
conducted using the Poincare sphere (e.g. Cho et al. 2020;
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Bera et al. 2025). Here, we do not perform such a detailed
analysis for each burst, and instead, attempt to characterise
each FRB as being consistent with constant, linear, or variable
(non-linear) PA variation.

2.3.7 Scattering

Passage through turbulent media in the Milky Way, inter-
galactic medium, FRB host galaxy, and/or in the vicinity of
the FRB progenitor, produces multi-path scattering in FRBs.
In the case of a single effective scattering screen, this mani-
fests as both an exponential smearing of the time-profile with
timescale T(v) o v%, and a scintillated frequency spectrum
(see §2.3.8). Due to the complicated sub-pulse structure of
FRBs however, it can be difficult to distinguish scattering from
the intrinsic pulse shape. Furthermore, we wish to avoid the
assumption of o« = —4 or & = —4.4 which is expected from
Gaussian or Kolmogorov turbulence: many pulsars exhibit
smaller values of «, as high as -1.5 (Bhat et al. 2004; Geyer
et al. 2017; Krishnakumar, Joshi, and Manoharan 2017), and
there is no guarantee that FRBs will behave any differently.

To determine the scattering time and test the robustness of
our fitting results, we divide the bandwidth in which each FRB
has significant power into four sub-bands. We first fit these
independently with a sequence of N Gaussian burst profiles
(each defined by a width, central time, and amplitude), and
an exponential scattering term T. We consider all values of N
where an F-test returns the chance probability of a significant
decrease in x? by adding successive Gaussian components to
be 0.01 or less. However, we also find that such an approach
can lead to over-fitting, and very large values of N that may
not necessarily reflect the true structure.

We therefore also evaluate goodness-of-fit by testing if
the values of T from well-fitting models follow a power-law,
(V) o Tops(V/V)*, where ¥ is the mean fitted frequency of
the FRB. We check the robustness of this method by enforcing
such a power-law dependence across the four frequency bands
in the Gaussian fitting procedure, simultaneously fitting a
single value of T, and « to all four bands. We then scale
scattering results to a standard frequency of 1 GHz, Ty g,
using the power-law fits.

We have not, however, been able to construct a fully auto-
mated fitting method that returns reliable results with appropri-
ate errors in all cases. We therefore evaluate the reasonableness
of model fits by eye, and quote error ranges in Ty, T GHz»
and « to cover the range of reasonable models, as well as the
statistical errors returned by the fitting procedure. This also
means that the value of Ty gy, and its uncertainty will only be
approximately consistent with ¥V, T, and o.

We hope to improve our scattering fit procedure in the
future.

2.3.8 Scintillation

For each burst, we calculate the spectral modulation index (rm)
by applying a similar method to that outlined in Sammons et
al. (2023), on 0.1 MHz resolution Stokes I spectra, constructed
according to the above procedure, integrated over the duration
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of the burst. To focus on scintillation-scale fluctuations, we
again divide the entire bandwidth into four sub-channels and
calculate m as the mean of the modulation indices in each
sub-channel. In bursts with substantial small-scale modulation
(m >0.4), we fit for the decorrelation bandwidth vpc in each
sub-channel and the scintillation spectral index across all sub-
channels following the methods of Sammons et al. (2023).

3. Results
We consider the sample of 43 ASKAP FRBs detected in in-
coherent sum (ICS) mode reported by Shannon et al. (2025),
spanning 24 September 2018 to 18 March 2024. Of these, no
suitable voltage data was captured for six of them, preventing
offline analysis. In general, this was because either the voltage
download was not triggered (bursts detected above a given
width threshold were not triggered due to challenges with
false positives due to RFI), or the voltage download did not
complete correctly (on some occasions, only a single polarisa-
tion was downloaded, or only a small subset of the frequency
channels and/or antennas completed the download). A special
case is FRB 20190714A, where only one polarisation product
was downloaded, preventing full polarisation products from
being derived. Additionally, FRB 20181112A was excluded
from reprocessing with CELEBI due to an incompatibility of
the data format with the current version of the pipeline, but
we quote properties measured from the dedicated high-time
resolution analysis by Cho et al. (2020) where possible. This
leaves us with 34 bursts in our fully-processed sample to date
(five of which may have polarisation calibration errors), and
one further FRB with partial results (FRB 20181112A).
Figure 1 is a gallery of these 35 FRBs. The time resolution
for each FRB has been chosen in order to display the peak
of each burst with S/N~ 20. Tables listing the observational
parameters and measured burst properties of each FRB — in-
clude properties of FRB 20181112A from Cho et al. (2020)
where applicable — are given in the Appendix.

4. Discussion

In the following discussion and analysis, we include data from
all FRBs for which high-time-resolution data is available, i.e.
the full sample of 36.

4.1 Classification

Previous classifications of FRBs have focused on both their
time-frequency structure, with features such as number of
components and spectral occupancy, and also their fractions
of linear and circular polarisation (Pleunis et al. 2021; Sher-
man et al. 2024; Sand et al. 2025). The two most comparable
FRB samples to that presented here — 25 FRBs detected by
the Deep Synoptic Array (DSA; time resolution 32.768 us,
Sherman et al. 2024), and 128 non-repeating FRBs detected
by the Canadian Hydrogen Intensity Mapping Experiment
(CHIME/FRB; time resolution 2.56 ps, Pandhi et al. 2024)
— are both derived through offline analysis of voltage data,
similarly to our CELEBI pipeline. Key differences are that
our gain in offline S/N is greater than that of both, due to our
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FRB20180924B 100 - FRB20190102C

05 X -0.2 0.0
Time [ms] Time [ms]

30 FRB20190608B 1209 FRB201906118B

Flux Density (arb.)

25 5.0 -1.25 -1.00 -0.75 -0.50 -0.25 0.00

Time [ms] ‘ Time [ms]

Figure 1. High-time resolution dynamic spectra and polarimetric profiles of the FRBs in our sample. The zero-point in time is set relative to the bin with the
peak | profile. Top panels in each figure: PA relative to the value at the peak time index (A = PA() - PA(0)). Middle panels: profiles of total intensity I (black),
and bias-corrected linear polarisation L’ (red) and circular polarisation [Vl (blue), with the region corresponding to the optimal fitted boxcar of width wos
containing 95% of the fluence shaded in blue. Bottom panel: Stokes | dynamic spectrum with frequency resolution 4 MHz. Frequencies above the crossing
frequency (where the FRB has fallen off the edge of the voltage buffer due to its dispersive sweep) are denoted in pink, while regions dominated by RFl are

denoted in orange; both are set to zero. All bursts have been coherently dedispersed to the DM indicated in Table 1, and corrected for Faraday rotation by their
respective RM.
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Figure 1. (cont.) FRB 20190714A is missing Y polarisation data, and hence, only its Stokes I time profile using X polarisation can be calculated, and no PA data is
available.
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Scattering upper limit measurements are denoted by triangular markers.
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incoherent online detection system; and that CHIME do not
consider their circular polarisation measurements reliable, and
only publish values of L/I. These samples have been morpho-
logically classified into those with single/multiple components,
and those with constant and variable PA; and they are also
divided according to unpolarised (L/I < 0.35,[VI/I < 0.3), par-
tially polarised (0.35 < L/I < 0.7,IV'/I < 0.3), linearly polarised
(L/T > 0.7,1VV/I < 0.3), and circularly polarised (IV1/I > 0.3)
bursts.

As shown in Figure 2 however, the FRBs we identify as
being single-component tend to have high scattering values,
with only one (FRB 20200906A) having a scattering value be-
low 0.1 ms. Since we expect scattering to originate in media far
from the source, this cannot be an intrinsic effect, and suggests
that all FRBs would be detected to have multiple components,
which may not always be identified due to time resolution,
scattering, and S/N constraints. We also show the same effect
for CHIME FRBs with baseband data (CHIME/FRB Collabo-
ration et al. 2024). Although the distinction in that sample is
not so clear, there is an obvious trend showing that the fraction
of FRBs with multiple components is strongly anti-correlated
with scattering timescale.

10 :
¢ yfimm— 4
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0.8 o Vil -
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E 041 el
=] —_ Il
£ [
=1 - !
O R -
02+ — —ii——-
0.0 . ; . :
0.0 02 04 0.6 08 1.0
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Figure 3. Cumulative distributions of total linear (L/I) and circular (V/1) polar-
isation fractions from ASKAP ICS observations (this work), CHIME baseband
data (Pandhi et al. 2024) and DSA (Sherman et al. 2024). Note that V/I values
are not available for CHIME.

Cumulative histograms of polarisation fractions from ASKAP,
DSA, and CHIME FRBs are shown in Figure 3. We find some
evidence for a higher linear polarisation fraction than both
CHIME (p-value of 17% on a 2-sample Kolmogorov-Smirnov
test; Kolmogorov 1933; Smirnov 1948) and DSA (7%) samples,
and a significantly lower circular polarisation fraction than
DSA (0.04%).

The absolute amount of circular polarisation we observe
is lower than that found by DSA. The cause of this may be
due to frequency dependence in the sign of IV which, when
integrated over ASKAP’s larger bandwidth, results in a re-
duced total V. We leave an investigation of this, and other
frequency-dependent polarisation effects, to a future work.
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We do, however, observe the same break in the cumulative dis-
tribution of V/I, which occurs at V/I ~ 15% for our data, and
at V/I ~ 25% in DSA data. This suggests a distinct sub-class
of highly circularly polarised FRBs, consisting of ~ 10% of
the population with V/I > 0.2; in contrast, there is no clear dis-
tinction between strongly and weakly linearly polarised FRBs.
This result is robust against polarisation calibration errors: we
have checked that the distributions of L/I and V/I from FRBs
calibrated with Vela are consistent with that from other cal-
ibrators, with two-sample KS-tests showing that differences
between cumulative distributions of L/I and V/I at least as
large as that observed would be expected 16% and 92% of the
time under the null hypothesis that these calibrators perform
equally well.

We therefore conclude that our highly circularly polarised
FRBs may be an intrinsic sub-class of the FRB population,
and we encourage investigations as to whether this reflects
fundamentally different progenitors, emission mechanisms,
or lines of sight through a nominal neutron star progenitor’s
magnetosphere. In particular, we note that relativistic magne-
tised plasmas can induce circular polarisation in FRBs (Pravir
Kumar et al. 2023, e.g.) — if this is the cause, the question then
becomes why some FRBs show evidence for such plasmas, and
others do not. We leave such investigations to future works.

We also conclude that classifying FRBs according to single-
and multi-component bursts, or the fraction of linear polarisa-
tion, is not a meaningful distinction.

4.2 Scattering

Our multi-component scattering fits produced mixed results.
Of our 36 FRBs, 15 produced good scattering fits, which
we define as errors of less than 10% on T, and an error of
less than unity on «. These are typically FRBs with large
scattering times. Eight produced poor fits, which are readily
identifiable as those FRBs where « is consistent with zero at
the 10 level. This is due to those FRBs having relatively low
values of scattering, and profiles where scattering is difhcult to
distinguish. They do not necessarily have large errors on T
however, since these errors reflect the range of values given
by plausible fits as described in §2.3.7 — and such fits may
consistently converge to the same incorrect answer.

Our cumulative distribution of scattering values is plotted
against that from CHIME/FRB Collaboration et al. (2024) in
Figure 4. When we make no adjustment for CHIME having
a lower frequency, the two distributions are very similar. Scal-
ing CHIME’s observed values of T to 1 GHz by the expected
factor of (600 MHz /1 GHz)* ~ 0.13 however would make
CHIME’s and ASKAP’s observations highly discrepant. We
explain this as both distributions being dominated by selection
effects, rather than the intrinsic distribution: for T > 2ms,
scattering begins to dominate the observed FRB duration in
each experiment, reducing the number of highly scattering
FRBs detected.

CHIME/FRB Collaboration et al. (2021) have used pulse
injections to correct for selection effects in their data, and
modelled the intrinsic scattering timescale at 600 MHz using
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Figure 4. Comparison of CHIME (Sand et al. 2025) and ASKAP values of
scattering. The upper and lower bounds are created by varying each FRB’s
scattering value by the quoted 10 error. When an upper limit Tmax only on
scattering is quoted for CHIME, we use T = 0.5Tmax & 0.5Tmax-

a log-normal distribution, log(t/1 ms) ~ N(ji, o), finding
wr = 0.7, and o¢ = 1.72 (CHIME/FRB Collaboration et
al. 2021). However, their selection-effect-corrected histogram
of scattering timescales (the right-hand panel of Figure 17
of their paper) is at least equally consistent with a constant
distribution of scattering timescale per log bin above 1 ms, and
our measurements.

Additional evidence comes from a lack of correlation be-
tween FRB scattering and redshift in our measurements, which
was first hinted at through a lack of correlation between scat-
tering and DM found by Sand et al. (2025). FRBs have their
rest-frame scattering times suppressed by a factor of (1 + 2)*
in the observer frame, so that any intrinsic peak in the scatter-
ing distribution is shifted to a lower apparent scattering time
at higher redshifts. However, if the scattering distribution
is approximately log-uniform, and dominated by an experi-
mental cut-off, then the distribution will be largely redshift
independent — as is observed.

Thus we suggest that no high-scattering downturn has
been observed, and there is likely a much larger population of
highly scattered FRBs.

4.2.1 Multi-component structures mimicking scattering

Three FRBs (FRBS 20220725A, 20230526A, and 20230731A)
show time-profiles that approximately resemble exponential
scattering tails. However, all three have a ‘break’ in the expo-
nential slope which is inconsistent with a single Gaussian plus
exponential fit. Furthermore, all three initially begin as being
100% linearly polarised, but fall to 0% polarisation during the
burst. Thus, they have been labelled as having ‘ambiguous’
structure in Table 1. We posit two scenarios: that these are
true scattering tails, with the apparent break due to frequency
dependence and/or statistical fluctuations, with the depolar-
isation due to either smearing of a variable PA and/or RM
fluctuations in the screen; or that these FRBs consist of two
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distinct components — one polarised, one not — that mimic a
scattered time profile.

FRB 20230526A has already been shown to exhibit scattering-

induced depolarisation, consistent with varying RM through
the scattering screen, though no evidence is found for either
FRB 20220725A (Uttarkar et al. 2025) or FRB 20230731A
(this work). While all three show variable PA during the
polarised part of the burst, the PA varies smoothly and sys-
tematically over the entire polarised part of the burst until
zero polarisation is reached, whereas a change in PA at the
onset of depolarisation would be expected in the scattering
scenario. FRB 20220725A also shows a circularly polarised
component which is offset from the linear component, which
would not be expected in the scattering explanation. Yet, our
scattering fits find more scattering at lower frequencies in all
three FRBs when fitting a single Gaussian plus scattering tail,
with plausible values of o (~1.94 = -3.6). This does not in itself
rule out multiple components, but does suggest that scattering
is a significant contributor to the time-profile. For instance,
fitting a second component to FRB 20230731A decreases the
scattering timescale by only 20%, from 0.50 to 0.41 ms; we
thus have quoted T = 0.45 £ 0.05ms. We thus posit that
these FRBs truly have multiple components, but that the sepa-
ration is comparable to the scattering timescale, resulting in
an ambiguous identification.

Our sample also contains FRBs with partially overlap-
ping components which are more clearly distinguished. FRB
20210320C has a second, elongated component which over-
laps the primary peak, but with a clearly elongated tail that
is clearly not consistent with an exponential fall-off due to
scattering; while FRB 20230902A has a lower-amplitude sec-
ondary component which is fully resolved, but which might
also mimic a scattering tail if the time-offset was smaller. In
both cases however, the secondary bursts have identical polari-
sation properties to the primary. Nonetheless, we favour the
multiple-component explanation.

Ultimately however, we can suggest no physical reason
why depolarised components should only be present when
mimicking a scattering tail, nor why depolarisation due to
scattering should only operate on FRBs with poorly fit scatter-
ing tails. Until this phenomena is better understood, we urge
caution in the interpretation of FRB scattering measurements,
particularly for low S/N samples, since all three bursts would
have been well-fit by a single scattering tail had their S/N not
been so high.

4.2.2 No correlation between scattering and excess disper-
sion measure

It has been suggested that the dominant cause of scattering
in FRBs is the host galaxy’s ISM, in which case the host ISM
should impart an excess DM, and scattering should correlate
with the host DM contribution, DMy 1spm (for an extensive
investigation into potential correlations between properties
of this FRB sample and their host galaxies, see Glowacki et
al. 2025). Thus, scattering could be used to improve redshift
estimates for FRBs without identified hosts, and explain some
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Figure 5. Plot of measured scattering times T, scaled to 1 GHz (‘Obs’) and to
the host galaxy rest frame (‘Host’), as a function of the estimated FRB host
galaxy dispersion measures for localized FRBs in our sample. Also shown is
the T-DM relation found for Galactic pulsars from Bhat et al. (2004), scaled
by a factor of 3 to account for the Earth being at infinite distance from the FRB
scattering screen; and the range of predictions for the ‘cloudlet’ model from
Cordes, Ocker, and Chatterjee (2022), corresponding to scattering amplitude
values of 0.01 < A-FG < 10 (see that work for the meaning of these
parameters).

of the variance in the Macquart relation (Cordes, Ocker, and
Chatterjee 2022). Given that 29 of our FRBs have been lo-
calised to a host galaxy, we can estimate DMy 1sm via

DMjy,se = DMgrg - DMpmw ism
_DMMW,halo - DMcosmic» (9)
DMHost,ISM = (1 + Z)DMi{ost - DMHost,halo‘ (10)

Here, we assume contributions from the Milky Way’s ISM
according to the NE2001 model (Cordes and Lazio 2003) with
50% error, as found by Schnitzeler (2012); we assume a halo
contribution from the Milky Way of DMy pa1o = 50 pccm™
as per Prochaska and Zheng (2019); and we additionally assume
a host halo DMy oo = 50pcem™. The factor of 1 + 2
scales to the DM which would be measured in the rest-frame
of the host galaxy. Note that Eq. 10 actually represents the
deviation of the FRB DM from the Macquart relation, which
is nominally attributed to total host contributions.

Figure 5 plots T Gy, against the expression for DMpjog 15Mm
in Eq. 10. There may be a hint of evidence for an upper limit
on DMy, 1M at low scattering amplitudes, consistent with
the minimum amount of scattering expected from the cloudlet
model of Cordes, Ocker, and Chatterjee (2022). However,
over all the data, no correlation is evident, either by eye, or
by fitting log, , T1 GH, as a function of z, with or without
adjustment to scattering in the host rest frame using a factor
of (1 +2)3. As all FRBs in this sample bar one are observed at
high Galactic latitudes (/b > 30°), we discount the influence
of scattering in the Milky Way as obfuscating any underlying
relation. The exception, FRB 20230718A, has values of Ty gy,
(0.17 ms) and DMpoq.1sm (-48 pc cm™) consistent with the
bulk of the distribution.
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There are several possible reasons for our observed lack
of correlation. Firstly, the intrinsic variation in the DM-
scattering relation observed for pulsars in the Milky Way is
large: approximately a factor of three in DM for a fixed ©
(equivalently, an order of magnitude in T for a fixed DM;

Bhat et al. 2004). However, even when adjusting for the
expected three-fold increase in T expected due to the Earth
being at infinite distance from the scattering screen, many
FRBs with low or negative estimated DMy ;sm exhibit very
large scattering times; while FRB 20240310A, with a very
large estimated DMjjoge1sm = 601.8 pc cm™, shows very lictle
scattering. Secondly, some of the variation in DM about the
Macquart relation can be attributed to fluctuations in DM¢osmic
(Baptista et al. 2024), as recently found for FRB 20190520B by
Lee et al. (2023). Thirdly, contributions from turbulent media
in the vicinity of FRB progenitors may obey a different DM—t
relation to that of Galactic pulsars. Fourthly, the ISM sampled
by FRBs traversing their host galaxy may be statistically differ-
ent to the Milky Way ISM sampled by pulsars observed from
Earth.

A Monte Carlo analysis by Mas-Ribas and James (2025)
has recently shown that the first two explanations, combined
with observational biases against observing highly scattered
FRBs, would explain our lack of an observed correlation, even
if the underlying TDM relation in the host is well understood.
Whichever the cause, we find that FRB scattering is not a good
predictor of DMy 1sm (i-€., the deviation of DM from the
Macquart relation), and thus is unlikely to have utility as a
predictor of the host galaxy redshift. We do not investigate,
however, joint correlations with other estimators of DM, such
as the Hy emission measure, as used by Ocker et al. (2022) in
their analysis of FRB 20190520B.

4.2.3 Scintillation

We find evidence for scintillation in 13 of our FRBs, with
scintillation bandwidths in the range 0.11-9.2 MHz. Due to
our narrow bandwidths, the fits to the scintillation index o+, are
rarely consistent with the value ~4 expected from scattering
theory —- see Sammons et al. (2023) for an extended discussion.
For a single scattering screen, we expect 2mvpe Tops = C ~ 1
(Lambert and Rickett 1999) — significant deviations from this
indicates evidence for two (or more) scattering screens. We
find evidence for two-screen scattering at greater than 20
significance in six FRBs. Assuming that one screen exists in
the Milky Way, and one is in the host galaxy, allows an upper
limit to be placed on the distance product

D2
LiL, < 2711\/[)7(3’
27tv2 (1 + 2) Typs

(11)
where L, is the distance to the scattering screen in the Milky
Way, Ly is the distance from the FRB to the screen in the host,
and D, > Ly, L, is the angular diameter distance to the host
galaxy. We calculate D, using host redshifts from Shannon
et al. (2025) — available for five of these six FRBs — and
standard Planck cosmology (Planck Collaboration et al. 2016),
and calculate the maximum value, (Lng)maX, in Table 4.
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Our results for the FRBs from Sammons et al. (2023) differ
only in our estimates of T, which alters our quantitative
estimates —- but not the qualitative conclusions — for FRBs
20190608B and 20210320C. Assuming a nominal Galactic
screen distance Ly~1 kpc, our new limits on the host scatter-
ing screens are not very constraining, allowing the host screens
for FRBs 20230526A and FRB 20240210A to exist in their host
halos, while the ‘host’ screen for FRB 20200906A could be at
an extragalactic distance of 11.6 Mpc. We do not pursue more
precise estimates of Galactic screen distances, which could be
estimated from models such as NE2001 (Cordes and Lazio
2003).

4.3 Polarisation properties

Our FRB sample exhibits a wide variety of polarisation prop-
erties, including temporal variation of the polarisation state
within the bursts. A coherent transition from linear to circular
polarisation is seen in FRB 20230708A where the total polari-
sation fraction remains high and roughly constant, while an
incoherent transition between two orthogonal linear modes is
apparent near the start of FRB 20221106A. FRB 20190611B’s
first component is fully linearly polarised, while its second
component is evenly linearly/circularly polarised; thus, we
cannot discern the nature of the transition. FRBs 20210912A
and 20230731A exhibit circular polarisation time-profiles that
are similar to, but offset from, their linear profiles. In particular,
FRB 20210912A shows evidence within its primary pulse for
an incoherent transition to a sub-pulse with differing linear
PA; but the circular polarisation profile continues smoothly
during this transition. FRBs 20220725A, 20230526A, and
20230731A show reducing polarisation fractions with time,
the cause of which is discussed in detail in §4.2.1. Finally,
FRBs 20190102C, 20220105A, and 20220918A also show ev-
idence for changing polarisation behaviour, but the S/N of
the relevant polarisation components is too low to discern the
behaviour.

Here, we do not attempt a time-dependent analysis of
polarisation fractions, and instead focus on the time-averaged
FRB properties when discussing polarisation states.

4.3.1 Lack of correlation between L/I and V'/I

Over our sample as a whole, we find the polarisation fractions
L/ and V/I — integrated over both time and frequency — to
be uncorrelated (see Figure 6), a result which was also found
by DSA (Sherman et al. 2024). We therefore conclude that the
observed circular polarisation is unlikely to have originated
through conversion from linear polarisation in the same way
for all FRBs. Note that in both §4.2.1 and §4.3.2, we disfavour
a significant reduction in L/I due to scattering-induced de-
polarisation. We emphasize that a proper investigation of the
origin of circular polarization in individual FRBs requires a
detailed study of the variation of polarisation state with time
and frequency (e.g. McKinnon 2024; Cho et al. 2020; Bera
et al. 2025; Dial et al. 2025), which is beyond the scope of this
paper and will be presented in a separate work.
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Figure 6. Circular vs. linear polarisation fractions for ASKAP FRBs, and those
from DSA (Sherman et al. 2024).

4.3.2 Position angle — macroscopic behaviour

We divide the observed behaviour of PA into macroscopic and
microscopic behaviour. The former is characterised by our
polynomial fits to PA over the duration of the pulse, while
the latter is characterised by short-term fluctuations about the
overall trend.
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Figure 7. Scattering time at band centre, T, as a function of linear polari-
sation fraction, L/I, for FRBs identified to have constant, linear, and variable
PA behaviour.

Requiring a p-value of < 0.01 on an F-test to reject simpler
FRB PA models, our polynomial fits find that 12 show con-
stant, 4 show linear, and 17 exhibit variable trends, respectively.
This confirms previous results that FRBs show a wide variety
of PA behaviour (Sherman et al. 2024), which has previously
been used as evidence for a magnetospheric origin of the emis-
sion (Luo et al. 2020). Pandhi et al. (2024) have performed a
similar classification, using x2 values to differentiate between
constant and variable PA in 88 non-repeating FRBs detected
by CHIME. Using a threshold x*/n.d.f. > 5 to identify vari-
able PA, those authors identify 19 FRBs with variable PA. If
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we use the same threshold, we identify only six FRBs with
non-constant PA — consistent with the CHIME result. How-
ever, our higher average S/N allows us to resolve our FRBs on
finer timescales, giving more independent measurements (i.e.,
degrees of freedom) with which to reject the hypothesis of a
constant PA for a given x%/n.d.f.. We expected that a higher
degree of scattering seen at CHIME’s lower frequencies may
have also played a role, but as shown in §4.2, the observed
distributions of scattering in both samples are similar.

There are many potential causes of PA variation. We do
not see any evidence for FRBs with constant polarisation prop-
erties exhibiting a simple ‘S’-shaped PA swing as expected
from the rotating vector model (RVM) for pulsar emission
(Hibschman and Arons 2001), which has been observed in
CHIME FRB 20221022A (Mckinven et al. 2025). However,
two of our FRBs may exhibit such behaviour, but their polar-
isation behaviour is more complicated, as has been discussed
elsewhere (Bera et al. 2024). Macroscopic PA behaviour may
also be the result of more complex phenomenology (Beniamini
and Kumar 2025). Fitting of PA to such models will require
accounting for the effects of scattering, which we leave to a
future work.

Depolarisation by RM scattering is often associated with
a PA swing due to the interference of many paths through
a magnetised scattering screen. This has been observed in
repeating FRBs (Feng et al. 2022), and a detailed analysis of
12 of the FRBs presented here has revealed such behaviour in
FRB 20230526A (Uttarkar et al. 2025). However, as shown
by Sand et al. (2025), there is no overall correlation between
scattering and polarisation for FRBs. This is consistent with
our sample — as Figure 7 shows, FRBs with high scattering
are more likely to exhibit constant PA, and all FRBs with
Tops Delow 0.01 ms have detectably variable PA, which is the
opposite trend — and what is commonly observed in most
pulsars (Li and Han 2003). Furthermore, there is no correlation
between PA behaviour and the degree of linear polarisation.
This suggests that rather than scattering inducing PA swings,
the dominant form of PA swing is intrinsic to the source,
which scattering can then mask.

4.3.3 Position angle — microstructure

We find strong evidence for PA ‘microstructure’ — system-
atic and correlated variations in PA about the overall trend at
timescales much shorter than the total burst duration. This
is most evident using by-eye examination of the PA trend
in strongly linearly polarised FRBs, where clear systematic
behaviour at typically < 0.1 ms timescales is evident. We give
an example from FRB 20240318A in Figure 8, which zooms
in on two such features, showing systematic PA deviations
of £20° on ~ 10ps timescales — despite a nominal best-fit
scattering timescale of 0.163 ms.

We can completely exclude that such effects are instrumen-
tal in origin. Such would apply on data prior to coherent dedis-
persion, and would be ‘washed out’ by the dispersion timescale,
which is typically 0.1-1 seconds for the FRBs presented here —
at least 107 times longer than that of the observed microstruc-


https://doi.org/10.1017/pasa.2025.10103

Publications of the Astronomical Society of Australia

¢ FRB20240318A

P s 23 - *
*xTsses™e s®gng*® = =8 L
- ¥
25 | E 3 i 4 L} L]

PA [deg]

40 5 60 70
time [us]

time [us]

Figure 8. Example of PA microstructure in FRB 20240318A. Shown in the
top panelis the PA integrated to 7.6us, with zoom-ins at time resolutions of
0.38us (bottom left) and 0.76 s (bottom right).

ture.

Rapid PA fluctuations (< 100p) by a few degrees in an
FRB were first reported in a burst from FRB 20180916B by
Nimmo et al. (2021) (see Figure 3, panel a, and Figure 4, panel
¢, of that work). Hewitt et al. (2023) analyse FRB 20220912A
down to 1ps, and note “significant jumps” in the PA associ-
ated with microshots, all of which are approximately 100%
linearly polarised. Such microstructure is however generally
not visible in most FRB observations, since it requires a reliable
polarisation calibration, high S/N, and high time resolution.
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Figure 9. Example of a 10" order polynomial fit to the PA in FRB 210407A,
at an integration timescale of 4.95 ps. Panel (a): power of the polarisation
components, (b): PA and polynomial fit, and (c): fit residuals.

Quantifying microstructure first requires integrating the
Stokes parameters at timescales at which microstructure can be
meaningfully observed, where too short an integration leads
to noise-dominated data that resolves out the microstructure,
while integrations that are too long smooth over it. For each
FRB, we search all timescales between 102 wo5 and 0.1wos,
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and use the criteria that total linear polarisation be four times
its estimated error, L > 407 (noting that errors in L are not
Gaussian). We then place a cut on timescales yielding at least
20 such points. This yields 26 FRBs for which we can analyse
microstructure.

The second step requires removing the macrostructure.
Since the RVM does not appear to be generally applicable, we
use a generic 10th order polynomial fit to PA as a function
of time. This allows fit residuals, epa, and an associated re-
duced chi-square value, x2/n.d.f, to be calculated. We identify
microstructure to be most significant at timescales producing
the largest value of x2/n.d.f, i.e. the worst fit to the trend. An
example of this procedure is given in Figure 9.
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Figure 10. Correlation between PA microstructure and scattering: the maxi-
mum value of x2/n.d.f against scattering timescale Tp.

Performing this procedure, we find 13 FRBs with signifi-
cantly high values of x2/n.d.f, where we use a stricter proba-
bility cut of less than 107 (unadjusted for the trial factor) of
the value occurring assuming that the polynomial fit is the true
distribution. This occurs on timescales of 200us to 200 ns, al-
though this does not reliably identify a characteristic timescale
for the microstructure. We find a clear correlation with our
measured scattering timescale — while FRBs with low mea-
sured values of scattering may or may not show microstructure,
no highly scattered FRBs do, as shown in Figure 10. Indeed,
we suggest that effort be put into using these PA fluctuations
to constrain scattering, given the ambiguities in scattering
timescale from traditional modelling of Stokes I discussed in
§4.2.1.

PA microstructure has long been known in pulsars (see
e.g. Cordes 1979), where single pulse phenomenology can
be explained through the superposition of many sub-pulses,
each with a different PA. This leads to a reduction in L/I being
correlated with PA swings, as the number of sub-pulses, and
the variance in PA within sub-pulses, increases.

If PA microstructure is indeed associated with interference
between sub-pulses, we expect reductions in L to be associ-
ated with epp, and the number of interfering sub-bursts (van
Straten 2009). However, we have found no evidence for corre-
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lations between fluctuations in PA and decreases in L/I, with
p-values of > 10% on Pearson’s correlation coefhicient being
consistent with zero. Indeed, the 13 FRBs with significant
microstructure have on-average a slightly higher linear polar-
isation fraction than those without, which we attribute to a
selection effect — higher L means greater resolution on PA.
We can also exclude that our low-L/I FRBs are depolarised
due to unresolved, random PA structure, since they exhibit
systematic trends in their PA.

It is generally expected that such rapid PA variability re-
quires the emission to arise within a neutron star magneto-
sphere, which is extremely hard to explain in models with
emission arising far from the magnetosphere, and generally
requires low radiative efficiency (Beniamini and Kumar 2020).

The observed behaviour is thus most similar to that seen in
a minority of Crab main pulses, which usually show random
PA variation on nanosecond timescales, but sometimes pro-
duce systematic fluctuations on microsecond scales (Hankins,
Eilek, and Jones 2016). Unlike Crab main pulses however, our
FRBs generally show little circular polarisation. Thus, the PA
microstructure may be tracing turbulence down to ~ 60 m res-
olution in the magnetic field of a parent body, likely a neutron
star. It is remarkable to reflect that, given the Gpc distances
to our FRBs, this is analogous to probing individual atoms on
the outer planets.

We pause our exploration of FRB PA microstructure, and
leave further investigation to a future work. We conclude only
that it is not due to the interference of many unresolved bursts,
and that likely it is ubiquitous, being unobserved primarily in
FRBs with large scattering timescales.

4.4 Other properties

4.4.1 Multiple DMs

Our sample contains two FRBs — FRBs 20190611B and
20210407E — with distinct sub-components which appear,
by-eye, to have a different dispersion measure to the rest of the
burst. There are a further three FRBs — FRBs 20210117A,
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clearly shows this structure. Additionally, FRBs 20220501C
and 20231226A also exhibit frequency down-drifting, while
FRB 20221106A shows no down-drifting, but has a repeater-
like time-profile. This suggests these as potential candidates
for follow-up observations.

4.4.3 Microshots in FRB 20190711A

We note remarkably short-scale structures in FRB 20190711A,
the shortest and brightest of which is less than 50 us in dura-
tion. This is paired with it being an overall broader FRB, with
wos = 10.99 ms, among the largest in our sample. Its dynamic
spectrum is qualitatively similar to several bursts from FRB
20220912A observed by Hewitt et al. (2023), being composed
of short-scale “microshots” and broader-scale emission exhibit-
ing a frequency downdrift over the total duration of the burst.
Similar behaviour has been observed in FRB 20200120E by
Majid et al. (2021), albeit with no frequency downdrift. He-
witt et al. (2023) observe residual (post-dedispersion) frequency
drifts of the broader components of FRB 20220912As bursts of
a few hundred MHz ms™. While we cannot confidently assert
with the S/N of our data that we observe similar frequency
drifting within a single component of FRB 20190711A, the
broad emission before the first microshot is qualitatively consis-
tent with this possibility, though likely of order 30 MHz msL.

4.4.4 Rotation measure

The RMs of our FRBs range from —1711.8 to +1275 rad m=.
None exhibit the very large RMs of some FRBs (Michilli et
al. 2018; Anna-Thomas et al. 2023), although several have
RMs that are significantly larger than that found in our Milky
Way (Hutschenreuter et al. 2022). We find no correlation
between our FRB RMs and those expected from the MW,
indicating either that FRB RMs are completely dominated by
extragalactic contributions (most likely, turbulent plasma in
the vicinity of their progenitor), or that the MW RM model is
insufficiently fine-grained to apply to individual line of sight,
or both. We expect an improvement in estimates for RMyywy

20220501C, and 20230718 A — where non-distinct sub-componentalong our lines of site with the next data release from SPICE-

may have a significantly different DM. In general, this could
be due to intrinsic time-frequency burst properties, plasma
or gravitational lensing, or a time-varying medium close to
the FRB. Significant variations in DM, both between (Hessels
et al. 2019) and within (Zhou et al. 2022) bursts, have pre-
viously been seen for repeating FRBs, and Sand et al. (2025)
have also observed it in several once-off bursts, indicating that
apparently once-off FRBs exhibit similar behaviour. We leave
statistical tests searching for different DMs to a future work.

4.4.2 Repeater-like time-frequency profiles
The time-profiles of repeating FRBs tend to be broader in
time and narrower in frequency (Pleunis et al. 2021), and
may exhibit the ‘sad-trombone’ effect of frequency down-
drifting of multiple components (Hessels et al. 2019; Josephy
et al. 2019).

One of the FRBs in our sample — FRB 20190711A (P. Ku-
mar et al. 2021) — has already been identified as a repeater, and
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RACS (Thomson et al. 2023), and from the Polarisation Sky
Survey of the Universe’s Magnetism (POSSUM; Gaensler
et al. 2025).

5. Conclusions

We have presented new high-time resolution polarimetric
measurements of 35 FRBs from the CRAFT ICS survey, made
possible by ASKAP’s real-time burst detection and voltage
capture capabilities coupled with the CELEBI pipeline.

We have detected PA microstructure in the approximate
range 200 ps to 200 ns in 13 of 26 FRBs with sufficient S/N.
The high linear polarisation of bursts during these fluctuations
excludes PA variation due to the superposition of multiple, inde-
pendent nanosecond-scale sub-bursts as with Crab nanoshots,
though it does resemble the PA behaviour of a minority of
Crab main pulses.

Our analysis also shows that FRB scattering plays a major
role in masking FRB substructure. Likely all FRBs are com-
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posed of multiple components, with sub-components being
masked in highly scattered FRBs. Similarly, the probability
of an FRB having identifiable variation in PA is strongly anti-
correlated with the scattering timescale at band centre. We also
find a generally smooth distribution of polarisation properties.
Therefore, we suggest that previous classification schemes that
use the number of identifiable components, variable or constant
PA, and/or polarisation fractions result in arbitrary and artifi-
cial distinctions. We do, however, identify a sub-population of
relatively highly circularly polarised FRBs (V] > 20%), which
is also evident in DSA data, and encourage further studies of
this sub-population.

Using the FRB localisations derived in Shannon et al. (2025),
we have shown that FRB scattering is not detectably correlated
with the deviation of an FRB’s DM from the Macquart rela-
tion, and hence we do not recommend its use in host galaxy
identification. We also cast doubt on our understanding of the
FRB scattering distribution. We find that FRB sub-structure in
Stokes I can mimic scattering, particularly at sub-ms timescales,
and suggest that studying time-dependent polarisation prop-
erties may help to differentiate between true and apparent
scattering tails, though we leave this to a future work. Simi-
larly, a comparison of our scattering measurements with that
of CHIME suggests that neither experiment has measured a
maximum in the scattering probability distribution, and that a
log-uniform distribution at high scattering values is a better
fit than a log-normal.

We conclude by noting that the analysis presented here
is generally not as detailed as the bespoke analyses presented
in papers studying single FRBs, nor have we explored time-
dependence in RM, DM, or frequency-dependence in polari-
sation properties. Rather, we have aimed to produce a uniform
sample of FRBs with high-time-resolution polarised properties,
the majority of which are also localised to their host galaxies.
We encourage follow-up analysis using either derived proper-
ties presented in Tables 1-4, or using the Nyquist-resolution
time—frequency data, available online.
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Appendix 1. Tabulated FRB data
We present the tabulated FRB properties in Tables 1, 2, 3, and
4. These will also be made available online.
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Table 1. Measured properties of the bursts in our sample, being the mean observation frequency ¥, the number of antennas used in the observation nypc,
real-time detection S/N S/Ny,,, offline analysis boxcar S/N S/N g, S/N-maximising DM estimate DMg)N;, structure-maximising DM estimate DMgcruce, S/N-
maximising width wsy,, width containing 95% of the fluence wys, and redshifts, .

b

FRB V[MHz]  #ane  S/Ngee S/Nog  DMg)n [pe cm™]  DMruce [pc cm™>]  wege [MS] wos [ms] 2
20180924B 13200 24 211 77 361.75:908 361.74103 0.91 2 0.3214
20181112A° 12975 11 193 220 589.265 +0.001 - ~ 0.1 ~ 1.2 0.4755
20190102C 12975 23 14.0 167 364.5570:02 364.5570:02 0.076 1.25 0.29
201906088 12715 25 161 41 340 £ 1 338.7%0 ¢ 4.95 10.8 0.1178
20190611B 12715 20 95 27 322.4 £ 0.1 322.7704 0.076 1.592 0.378
20190711A 12715 28 238 46 592 =+ 2 587.7410:03 8.6 10.99 0.522
20190714A 12715 28 107 52 504.7 £ 0.3 504.13%02 0.86 2.99 0.2365
20191001A 9195 30 371 108 507 + 0.3 507*99 5.3 13468 023
201912288 12715 21 229 74 297 + 1 296 + 2 7.8 13.596  0.2432
20200430A  863.5 26 139 67 379.910¢ 379.6707 11 22.68 0.161
20200906A  864.5 7 16.1 347 577.8 +0.2 577812901 0.057 0.128 0.3688
20210117A 12715 21 177 112 729.2*32 729.1*33 1.24 3.584 0.214
20210320C  863.5 24 153 161 384.6 £ 0.02 384.591003 0.381 0.884 0.28
20210407E 12715 15 19. 131 1784.8 £ 0.2 1784.910:2 0.743 1.62 N/A
20210912A 12715 22 312 479 12337200 122375008 0.095 1.612 N/A
202111271 12715 24 379 340 234.83 +0.08 234.8610%, 0.229 0.483 0.046946
20211203C 9205 24 142 47 636.2 + 0.4 635.1613:33 12.4 25.449 0.3439
20211212A 16315 24 105 45 20072 20074 2.1 5.628 0.0707
20220105A 16315 22 98 42 583 +2 581.573¢ 0.95 2.25 0.2785
20220501C  863.5 23 148 79 449.6*02 449.1*93 6.1 6.9 0.381
20220610A 12715 22 23.9 62 1458.1%03 1457.6*0§ 1.07 2 1.015
20220725A 9195 25 109 49 290.1%93 290792 3.43 8.016 0.1926
20220918A 12715 24 263 21 6432 66029 11.43 13.851  0.491
20221106A 16315 21 197 133 343.207 343+£0.3 5.33 6.895 2.044
20230526A 12715 22 221 88 316.2 £ 0.2 316.1703 2 2.7 0.157
20230708A  919.5 23 305 270 411.5415:08 411.5210.98 1.14 23.578  0.105
20230718A 12715 22 109 104 476674000  476.64'02 0.55 0.695  0.035
20230731A 12715 25 166 6l 701.1 + 0.3 700.73*04 0.65 2.655 N/A
20230902A 8325 22 118 113 4401 £ 0.1 440.166*003 0.229 0.678 0.3619
20231226A  863.5 22 367 96 3209 +£0.1 328.7312:1¢ 5.3 9.72 N/A
20240201A  920.5 24 139 63 374.5 £ 0.2 373.514 £ 0.35 3.05 3.901 0.042729
20240208A  863.5 14 121 21 260.2 + 0.3 259.83 £ 0.12 17 10 N/A
20240210A  863.5 23 116 59 283.73 £ 0.05 283.97 +0.03 0.305 1.539 0.023686
20240304A 8325 24 123 44 652.6 + 0.5 653.4%32 8.57 19 N/A
20240310A  902.5 25 191 40 601.8 £ 0.2 601.7613:3 4.19 13493  0.127
20240318A 9025 23 132 119 256.4 + 0.3 256.1810:02 0.286 0.837 N/A

9 Data from Cho et al. (2020).
b Data from Shannon et al. (2025).
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Table 2. Measured scattering properties of the bursts in our sample. Given are the observed scattering times at band centre, Ty;
(Tt ~ v%), the central frequency used for scattering fits Vv, the fitted scattering value at 1 GHz, T, gy, and whether or not the FRB apears, by-eye, to have a
single (‘s’) component or multiple (‘m’) components; ‘@’ indicates ambiguity, discussed in §4.2.1.

D.R. Scottetal.

the frequency dependence

FRB Tobs [MS] fod vV [MHz] Ty GHz [MS] Components
20180924B 0.59 4 0.01 -3.68 &+ 0.04 1297.5 1.56 4+ 0.13 S
20181112A7 0.023 + 0.002 -2.0+0.3 1297.5 0.039 + 0.006 m
20190102C 0.027 + 0.012 -55=+1 1271.5 0.09 £ 0.06 m
20190608B 3.83 +0.15 -3.37+1.3 1269.5 85+ 1.2 S
20190611B 0.03 £ 0.015 0.3 +2.0 1252.7 0.03 + 0.02 m
20190711A 0.0076 + 0.002 25+ 1.1 1172.9 0.011 % 0.005 m
20190714A 0.422 + 0.008 -2.7 + 0.6 1286.6 0.83 4 0.05 S
20191001A 4.52 4+ 0.03 -4.85 4+ 0.3 826.4 1.78 £ 0.04 s
20191228B 5.854+0.2 -3.6 + 0.6 1273 14 +1 S
20200430A 6.5+ 0.15 -1.45+0.2 863.5 5.25 £ 0.25 S
20200906A 0.0315 = 0.0007 —4.54+ 0.4 846.4 0.0148 £ 0.0004 S
20210117A 0.25 £ 0.2 5+38 1274.5 0.15 £+ 0.1 m
20210320C 0.193 + 0.007 -4.4 4+ 0.1 828.4 0.084 + 0.004 m
20210407E 0.09 4 0.02 -1.2+ 1.6 1219.8 0.08 4 0.03 m
20210912A 0.048 + 0.008 -2.54+0.9 1275.6 0.09 4 0.03 m
202111271 0.025 £ 0.02 0+£5.5 1272.5 0.02 £ 0.02 m
20211203C 1.66 £ 0.16 -9.7+2.4 891.4 0.55 + 0.1 S
20211212A 1.8 £ 0.1 -2.8+23 1490.8 8+6 S
20220105A 0.43 4+ 0.01 -2+ 0.8 1649.8 1.240.5 m
20220501C 0.35 + 0.25 4+38 864.5 0.43 £0.3 m
20220610A 0.521 + 0.001 -3.56 £ 0.03 1149.4 0.855 + 0.008 S
20220725A 2.29 +0.05 -1.94 + 0.06 1149.4 1.95 £ 0.05 a
20220918A 7.66 £ 0.1 -2.10 + 0.03 1133.5 10.0 + 1.1 S
20221106A 0.182 % 0.006 -0.7 £ 1.3 1649.6 0.25 4 0.09 S
20230526A 1.16 £ 0.01 -3.6+0.3 1272.2 2.75 £ 0.1 a
20230708A 0.24 + 0.02 -2.84 £+ 0.4 920.5 0.21 4 0.005 m
20230718A 0.117 % 0.005 -1.6 £ 0.7 1272.2 0.17 4 0.02 m
20230731A 0.45 £ 0.05 -2.3 + 0.6 1271.8 0.78 4+ 0.04 a
20230902A 0.123 £ 0.002 -2.55 4+ 0.08 812.4 0.072 £ 0.002 m
20231226A 0.1 £0.07 -143 762.8 0.25 +0.2 m
20240201A 0.78 4 0.04 -394 0.5 915.5 0.46 4 0.06 m
20240208A 1.35 + 0.25 -2.7+2.1 864.1 1.0 £ 0.45 S
20240210A 0.10 4 0.03 -3.6 +0.3 863.5 0.59 4+ 0.04 m
20240304A 2.51 £0.12 35+ 1.3 877 4405 S
20240310A 2.23 £ 0.07 -3.23 + 0.5 846.4 1.30 4+ 0.13 S
20240318A 0.163 + 0.01 -3.32 £ 0.005 920.5 0.128 % 0.005 m

7 Data from Cho et al. 2020.
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Table 3. Polarisation properties of the bursts in our sample, being linear polarisation fraction L/I, circular polarisation fraction 1’/1, and total polarisation
fraction P/I; fitted rotation measure, RM, and expected Milky Way RM, RMpw, taken from Hutschenreuter et al. (2022); the polarisation calibrator used; and
the fitted macroscopic PA trend. FRB 20190714A could not have its polarisation properties determined, due to missing data, while no RM could be fit for

FRB 20240304A.

FRB L/ %01 P/ RM[radm™] RMmw [radm™] Calibrator  PAtrend
20180924B 0.89 £ 0.02 0.09 £ 0.02 0.90 £ 0.02 17.3 £ 0.8 16.5 & 5.0 VELA constant
20181112A¢° 0.92 0.19 0.94 10.5 £ 0.4 16.2 £5.9 VELA variable
20190102C 0.96 £ 0.02 0.02 £ 0.02 0.97 £ 0.02 -106.1 0.9 26.6 £ 7.7 VELA variable
20190608B 140.04 0.02 =+ 0.02 14 0.04 353+ 1 2444133  VELA variable
20190611B 0.74 £ 0.04 0.29 4 0.04 0.8 £ 0.04 17+ 3 29.0 4 10.8 VELA variable
20190711A 0.98 £0.03 0.14 £ 0.02 0.99 £ 0.03 4+1 19.4 £ 6.5 VELA variable
20190714A% N/A N/A N/A N/A -10.7 £ 4.8 VELA N/A
20191001A 0.53 £+ 0.01 0.05 £+ 0.01 0.54 £+ 0.01 51.1+04 235+ 43 VELA const
20191228B 0.93 £ 0.02 0.1 £ 0.02 0.94 £+ 0.02 11.9 £ 0.9 18.2 £+ 6.1 VELA const
20200430A 0.43 £ 0.02 0.04 4 0.02 0.43 £ 0.02 195.3 £ 0.7 14.5 £ 7.0 2045-1616  const
20200906A 0.8 4+ 0.005 0.073 4 0.004  0.804 £ 0.005 75.47 £ 0.08 30.3 £19.8 VELA variable
20210117A 0.92 £+ 0.02 0.05 £+ 0.01 0.92 £+ 0.02 -45.8 +£ 0.7 33492 VELA const
20210320C¢  0.8640.008  0.117 £0.006 0.868 &= 0.008  288.8 &+ 0.2 28457 1644 linear
20210407E 0.97 £0.01 0.09 £ 0.01 0.98 £ 0.01 -9.1 £ 0.6 -59.6 £ 28.6 VELA variable
20210912A 0.625 £ 0.005 0.370 4 0.005 0.726 4 0.004 6.0+ 0.5 8.4£3.8 VELA variable
202111271 0.244 4+ 0.003 0.129 4 0.003 0.276 4+ 0.003 -67 + 1 -29+6.2 None variable
20211203C 0.57 =& 0.02 0.07 & 0.03 0.58 = 0.02 343+12 -290249.1 1644 constant
20211212A° 0.47 £ 0.02 0.09 £+ 0.02 0.48 £ 0.02 21+£7 6.0 £ 5.7 1644 constant
20220105A 0.3 +0.03 0.05 £ 0.03 0.3 +0.03 -1312 £ 8 39415 1644 constant
20220501C 0.68 £ 0.02 0.06 £ 0.02 0.69 £ 0.02 355+0.3 9.6 4.5 VELA variable
20220610A 0.98+0.01  0.065+0.007  0.99 +0.01 217 £ 2 11.9+ 49 VELA constant
20220725A¢ 0.58 4 0.02 0.13 4 0.03 0.6 £ 0.02 -26.3 £ 0.7 -190.7 £ 49.8 VELA N/A¢
20220918A 0.15 £ 0.01 0.13 £ 0.02 0.19 £ 0.02 559 £+ 23 14.6 £ 9.8 VELA constant
20221106A 0.862 4 0.008 0.078 4 0.006  0.865 &£ 0.008 444 +1 347 £11.4 VELA variable
20230526A  0.391 4 0.008  0.04 +0.008  0.393 = 0.008 613 £ 2 9.7 4+ 6.1 VELA variable
20230708A 0.95 £ 0.01 0.39 4 0.01 1.03 4 0.01 -7.5+ 0.4 43.6 & 10.5 VELA variable
20230718A 0.92 £ 0.02 0.11 £0.01 0.92 £ 0.02 243.1 £ 0.6 186.4 £+ 50.4 1644 constant
20230731A 0.42 £ 0.02 0.23 £ 0.02 0.48 £ 0.02 268 &5 213.6 = 67.3 None linear
20230902A 0.91 £ 0.01 0.05 £+ 0.01 0.91 £ 0.01 164.8 + 0.2 10.1 £ 6.3 VELA linear
20231226A 0.86 = 0.02 0.04 £ 0.01 0.86 = 0.02 42844 0.3 13.0+6.8 VELA variable
20240201A° 0.76 £ 0.02 0.09 £ 0.02 0.76 £ 0.02 1275.0 £ 0.4 5.9 + 6.5 1644 variable
20240208A 0.94 £ 0.09 0.08 £ 0.08 0.94 £+ 0.09 -73.7+ 1.4 39463 1644 constant
20240210A° 0.73 £ 0.02 0.14 £ 0.02 0.74 £ 0.02 =325+ 1 0.8 +3.4 VELA variable
20240304A 0.92 £ 0.03 0.04 =+ 0.02 0.92 = 0.03 489.7 £ 0.8 24+51 1644 variable
20240310A 0.72 £ 0.03 0.09 £ 0.03 0.72 £ 0.03 -1709.2 + 1.1 —4.8+74 VELA variable
20240318A 0.8 +0.02 0.13 £ 0.01 0.81 £0.02 —-48.5+0.3 143 £2.3 1644 linear

¢ Data from Cho et al. 2020.

bonlya single polarisation was available for this FRB.

¢ These FRBs were detected far from beam centre in edge or corner beams, and may have an incorrect polarisation calibration.
4 No calibration observations taken for these FRBs.

¢ Too few data were available to estimate the PA trend.
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Table 4. Measured scintillation properties of the bursts in our sample, giving modulation index m, decorrelation bandwidth v, spectral index of modulation
apc (Vpe ~ v¥), the time-bandwidth scattering-scintillation product 27t v T, and (where applicable) an upper limit on the product of screen distances

L. and L, (see text). Only those FRBs for which vpc could be fit are shown.

FRB m v.[MHz] vpc[MHz]  apc 27TVDC Tops (LzLg)max [kpc®]
20190102C* 041 12715 0.6+0.3 10 101 % 68

2019060887  0.78 12715 1.4 4 0.1 58+£0.5 33700 £ 2700 6.6 £ 0.5
20190611B  0.96 12715 1.5+£0.2 =t il 282 + 146

20190711A* 0.64 1136.9 0114001 -10£5 52415

20200906A  0.92 12715 1.994£0.01 3+1 39449 11,600 = 300
20210320C*  0.83  824.2 0914003 2+1 480 =+ 28 1150 =+ 70
202111271 0.74 12715 2.884£0.09 33402 4504 360

20220501C  0.44 863.5 9.240.5 -142 20,200 + 14,500

20221106A  0.84 16315 241 14405 2290 + 1150

20230526A  0.81 12715 2.6+ 0.1 644 18950 =+ 750 63+2
20240210A  0.71 863.5 2.7 401 1+2 1700 = 500 58 £ 17
20240318A 0.8  919.5 41402 1+1 4200 4 330

“ Data from Sammons et al. 2023, with updated T, from this work.
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