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A B S T R A C T 

We report on exceptionally bright bursts ( > 400 Jy ms) detected from the repeating fast radio burst source FRB 20220912A 

using the Nan c ¸ay radio telescope (NRT), as part of the ECLAT (Extragalactic Coherent Light from Astrophysical Transients) 
monitoring campaign. These bursts e xhibit e xtremely luminous, broad-band, short-duration structures ( ∼16 μs), which we term 

‘microshots’ and which can be especially well studied in the NRT data given the excellent signal-to-noise and dynamic range 
(32-bit samples). The estimated peak flux density of the brightest microshot is 450 Jy. We show that the microshots are clustered 

into dense ‘forests’ by modelling them as Weib ull distrib utions and obtaining Weibull shape parameters of approximately 

0.5. Our polarimetric analysis reveals that the bursts are nearly 100 per cent linearly polarized; have � 10 per cent circular 
polarization fractions; a near -zero a verage rotation measure of 0.10(6) rad m 

−2 ; and varying polarization position angles o v er 
the burst duration. For one of the bursts, we analyse raw voltage data from simultaneous observations with the Westerbork 

RT-1 single 25-m dish. These data allow us to measure the scintillation bandwidth, 0.30(3) MHz, and to probe the bursts on 

(sub-)microsecond time-scales. Some important nuances related to dedispersion are also discussed. We propose that the emission 

mechanism for the broad-band microshots is potentially different from the emission mechanism of the broader burst components, 
which still show a residual drift of a few hundred MHz ms −1 after correcting for dispersion using the microshots. We discuss 
how the observed emission is phenomenologically analogous to different types of radio bursts from the Sun. 

Key words: radio continuum: transients – fast radio bursts. 

1

F
l
f
b  

r  

s  

o  

m
T
i
r
b
u
c
C  

p  

�

q
n
i  

q
c
e

t
b
b  

2  

w
f  

d
a  

I
f  

a

©
P
C
p

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/2/2039/7276637 by guest on 05 O
ctober 2023
 I N T RO D U C T I O N  

ast radio bursts (FRBs) are coherent radio transients, typically 
asting a few milliseconds. Their extragalactic origin was inferred 
rom their excess dispersion measures (DMs) and has been confirmed 
y multiple localizations to a diverse set of host galaxies (for a
ecent re vie w of FRBs, see Petrof f, Hessels & Lorimer 2022 ). A
mall fraction ( ∼2.6 per cent; Chime/Frb Collaboration et al. 2023 )
f known FRBs are confirmed repeaters (Spitler et al. 2016 ) that emit
ultiple bursts – more often than not, sporadically and infrequently. 
hese repeater bursts are, on average, longer in duration and narrower 

n observed emission bandwidth compared to the apparently non- 
epeating FRBs (Pleunis et al. 2021 ). Conversely, it has recently 
een demonstrated that the repetition rates of repeaters and the 
pper limits on repetition from apparently non-repeaters are not 
learly distinct, after exposure and sensitivity corrections (Chime/Frb 
ollaboration et al. 2023 ). There are, ho we ver, some anomalously
rolific repeaters that have appeared to suddenly aw ak en from
 E-mail: d.m.he witt@uv a.nl 
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uiescence, e.g. FRB 20201124A (Chime/Frb Collabortion 2021 ). A 

on-negligible fraction of apparently non-repeating sources may thus 
n fact be repeaters (either with low repetition rates or long periods of
uiescence); if so, their shorter-duration and wider-bandwidth bursts 
ould arise from a different emission mechanism and/or beaming 
ffects (Connor, Miller & Gardenier 2020 ). 

Many theories advocate for highly magnetized neutron stars as 
he progenitors of FRBs. This hypothesis has been strengthened 
y the detection of an extremely bright, millisecond-duration radio 
urst from the Galactic magnetar SGR 1935 + 2154 (Bochenek et al.
020 ; CHIME/FRB Collaboration et al. 2020 ). It is presently unclear
hether the repeating and apparently non-repeating FRBs originate 

rom the same progenitor(s). So far, there also seems to be no
istinction in the properties of the host galaxies between repeaters and 
pparent non-repeaters (Bhandari et al. 2022 ; Gordon et al. 2023 ).
f assuming a universal magnetar progenitor , however , different 
ormation channels are required in order to reconcile the rate of
ll extragalactic FRBs with the volumetric population of magnetars 
Margalit et al. 2020 ; Kirsten et al. 2022a ). 

The repeater population itself also boasts rich diversity. Repeaters 
ave been localized to various types of host galaxies, including dwarf
is is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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alaxies (e.g. FRB 20121102A and FRB 20190520B, Chatterjee
t al. 2017 ; Niu et al. 2022 ), spiral galaxies (e.g. FRB 20180916B,
arcote et al. 2020 ), and even a globular cluster in the nearby M81

alactic system (Kirsten et al. 2022a ). Furthermore, the propagation
ffects we can measure from bursts such as scattering times, Faraday
otation measure (RM), and DM (as well as the evolution of these
roperties) suggest diverse, yet quite often chaotic, magneto-ionic
ocal environments for the repeaters (e.g. Michilli et al. 2018 ;

ckinven et al. 2023 ). There are various other characteristics that can
e used to group repeaters: FRB 20121102A and FRB 20190520B
re the only repeaters so far associated with a persistent radio
ource (Chatterjee et al. 2017 ; Marcote et al. 2017 ; Niu et al. 2022 ),
otentially a nebula powered by the FRB source; FRB 20121102A
nd FRB 20180916B are the only repeaters so far that show an
nderlying periodicity in their activity windows (of ∼16 and ∼160 d,
espectively; Chime/Frb Collaboration et al. 2020 ; Rajwade et al.
020 ; Cruces et al. 2021 ); FRB 20180916B and FRB 20200120E
re the only repeaters so far that exhibit (sub-)microsecond burst
tructure (Nimmo et al. 2021 , 2022 ); and only a handful of repeaters
re known to enter periods of high activity (‘burst storms’, e.g. Li
t al. 2021 ; Hewitt et al. 2022 ; Zhou et al. 2022 ; Nimmo et al. 2023 ).
t is, thus, unclear whether all repeaters originate from the same
rogenitor(s). The relationship between the various FRB sources we
bserve is clearly intricate, but detailed studies of burst properties
an help further our understanding. 

On 2022 October 15, the CHIME/FRB Collaboration announced
hat a new repeating FRB source, FRB 20220912A had become
ctive. Within 3 d (with a daily exposure time of only ≈10–15 min)
HIME/FRB detected nine bursts from this source at 400–800 MHz
nd reported a DM of 219.46 pc cm 

−3 (McKinven & Chime/Frb
ollaboration 2022 ). FRB 20220912A has since pro v en to be one
f the most acti ve kno wn repeaters to date. The vast majority of the
 ursts ha ve been detected around ∼1.4 GHz ( L -band), where multiple
elescopes, including the 100-m Green Bank Telescope (GBT), Five
undred metre Aperture Spherical Telescope (FAST), and Effelsberg
00-m telescope have detected more than a hundred bursts within a
ew hours or less of observations (e.g. Feng et al. 2022 ; Zhang
t al. 2022 ; Kirsten et al. 2022b ; Feng et al. 2023 ; Zhang et al.
023 ). Bursts have also been detected at lower frequencies ( ∼300–
00 MHz; Bhusare et al. 2022 ; Ould-Boukattine et al. 2022 ; Pelliciari
t al. 2022 ) and at higher frequencies around 2 GHz ( S -band; Perera
t al. 2022 ; Rajwade et al. 2022 ). Thus far, ho we ver, no bursts
ave been detected above 3 GHz despite many hours of observations
Rajwade et al. 2022 ; Sheikh et al. 2022 ; Kirsten et al. 2022b ), or at
he operating frequencies of the LOFAR High-Band Antennas where
ther repeaters have been seen (110–190 MHz; Gopinath et al. 2023 ).
The majority of repeaters exhibit high fractions of linear po-

arization, and little to no circular polarization (e.g. Gajjar et al.
018 ; Day et al. 2020 ; Nimmo et al. 2021 ). The brightest burst
etected from FRB 20220912A by CHIME/FRB ( ∼600 MHz), also
xhibited 100 per cent linear polarization, and showed an RM value
f 1 + 0.6(1) rad m 

−2 (McKinven & Chime/Frb Collaboration 2022 ).
ursts detected at higher frequencies ( ∼1.4 GHz) from FAST and

he GBT show similar properties: 100 per cent linear polarization and
elatively stable RM values close to zero rad m 

−2 , the latter being
ndicative of a clean local environment. Additionally, approximately
alf of the bursts have some degree of circular polarization, making
RB 20220912A the repeater with the highest known fraction of
NRAS 526, 2039–2057 (2023) 

 Note that, when convenient, we use parentheses to indicate the uncertainty 
n the least significant digits. 

a

2

ursts that exhibit circular polarization (Feng et al. 2023 ; Zhang et al.
023 ). Furthermore, some bursts have polarization position angle
PPA) swings, which are also scarce among the known repeaters (see
uo et al. 2020 ). 
FRB 20220912A was localized to a host galaxy with redshift z =

.0771(1) by the Deep Synoptic Array (DSA-110) during its commis-
ioning phase (Ravi et al. 2023 ). The host, PSO J347.2702 + 48.70,
s a massive galaxy (log M ∗ = 10.0(1)) with moderate star formation
SFR � 0 . 1 M � yr −1 ), not unlike other FRB host galaxies (Gordon
t al. 2023 ). The host galaxy is located at a luminosity distance of
62.4(1) Mpc and classified as composite in the Baldwin, Phillips &
erlevich (BPT) scheme. 
In this paper, we present three exceptionally bright bursts detected

rom FRB 20220912A using the Nan c ¸ay radio telescope (NRT).
or two of the bursts, we have simultaneous coverage with the
esterbork RT-1 single 25-m dish, which recorded raw voltage data,

llowing us to study burst properties at the Nyquist limit, but with
ower bandwidth and sensitivity compared to NRT. The excellent
uality of these combined data, together with the extraordinary
ignal-to-noise (S/N) of the bursts, provide a great opportunity
or an in-depth study of burst features. In Section 2 , we describe
he observational set-up and data acquisition. In Section 3 , we
escribe our search for bursts and the analysis used to investigate
heir properties. In Section 4 , we discuss the challenges related
o determining an accurate DM. This is critical for the subsequent
iscussion where we probe the range of time-scales of the emission
n these bursts from FRB 20220912A and provide observational
vidence that FRBs can contain short time-scale (and sometimes
arrow-band) shots of emission that are tightly packed together.
e then compare our findings with what is seen from other FRBs,

ulsar giant pulses, magnetar bursts, and solar radio bursts. Finally,
n Section 5 , we conclude and put forward some recommendations
or future work. Throughout the paper, unless otherwise mentioned,
umbers in parentheses of our measurements are used to indicate the
 σ -uncertainty on the least significant digits. 

 OBSERVATI ONS  

.1 Nan c ¸ay radio telescope 

he NRT is a Kraus-type meridian telescope situated in the centre
f France. At ∼1.4 GHz, the NRT has a system temperature of
 sys ≈ 35 K and a gain of G ≈ 1.4 K Jy −1 , making it ef fecti vely
s sensitive as a 100-m radio dish. At the beginning of 2022, we
stablished a monitoring campaign called ECLAT 

2 (Extragalactic
oherent Light from Astrophysical Transients; PI: D. M. Hewitt) on

he NRT. ECLAT is conducting follow-up observations of about a
ozen repeaters with an approximate weekly cadence o v er the course
f two years. Thus far, bursts have been detected from more than
alf of the sources, establishing the NRT as a valuable instrument
or FRB research. Following the detection of FRB 20220912A
y CHIME/FRB, we included this source among the repeaters
hat are regularly monitored. The pointing position we used was
hat of the original DSA-110 localization: RA = 23 h 09 m 05.49 s 

ec = + 48 ◦42 ′ 25.6 ′′ (J2000; Ravi 2022 ). The offset from the final
ocalization: RA = 23 h 09 m 04.9 s Dec = + 48 ◦42 ′ 25.4 ′′ (J2000; Ravi
t al. 2023 ) is 5.8 arcsec, but this does not impact our observations as
he NRT has a half-power beam width of 4 (RA) × 22 arcmin (Dec)
t 1.4 GHz. 
 Éclat can be translated as ‘burst’ in French. 



Forests of microshots in FRBs 2041 

1
O  

(
T
4
I  

1
a
b
d
o  

C
c
o  

b
t
t  

(
e
n

2

W
s
1
a  

a  

p
i
U
(  

v
6  

c  

d
t

3

3

3

N
t
M
t
e  

d
i
m
s  

c
t
T  

S  

f  

3

2
b
W  

m  

i
t
d

w  

w  

m  

t  

2  

2  

b  

r  

b
 

b  

b
o
b
c  

w  

o
b  

s

(
s  

w
a  

o  

d  

m  

p  

m  

T
v

3

T  

b  

W  

2  

w
d

3

W  

a
N  

i  

w  

D  

W  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/526/2/2039/7276637 by guest on 05 O
ctober 2023
These data were acquired using the lo w-frequency recei ver (1.1–
.8 GHz) of the focal plane and receivers systems called FORT ( Foyer 
ptimis ́e pour le Radio T ́elescope ), and have 512 MHz of bandwidth

consisting of 128 channels) centred at a frequency of 1484 MHz. 
he data were recorded as eight subbands, each consisting of sixteen 
-MHz channels, using the Nan c ¸ay Ultimate Pulsar Processing 
nstrument (NUPPI; Desvignes et al. 2011 ) with a time resolution of
6 μs, 32-bit sampling (which is better than most FRB observations 
nd hence provides excellent dynamic range for studying these 
ursts) and full polarization information in a linear basis. Coherent 
edispersion, within the 4-MHz channels, was applied using a DM 

f 219.46 pc cm 

−3 for FRB 20220912A, as reported by McKinven &
hime/Frb Collaboration ( 2022 ). The maximum DM offset that 
orresponds to a temporal smearing equal to the time resolution 
f the NRT data is 0.9 pc cm 

−3 . We measure DMs for the detected
ursts with a smaller offset than this and consequently, the residual 
emporal smearing due to inaccurate coherent dedispersion, even in 
he worst case scenario, is still less than half the NRT sampling time
DM determination is discussed further in Section 3.2 ). Additionally, 
ach observation is accompanied by an observation of a 3-Hz pulsed 
oise diode, which is used to calibrate the polarimetry. 

.2 Westerbork RT-1 

e were also monitoring FRB 20220912A during this period using a 
ingle 25-m Westerbork dish (RT-1) in the Netherlands. The SEFD 

3 at 
.4 GHz is 420 Jy. The Westerbork observations were conducted with 
n observing bandwidth of 128 MHz, centred at 1271 MHz. Raw volt-
ge data were recorded as 2-bit samples of both left and right circular
olarizations with the local DBBC2 and Flexbuff systems and stored 
n VLBI Data Interchange Format (VDIF; Whitney et al. 2010 ). 
sing digifil from the standard pulsar software package DSPSR 

van Straten & Bailes 2011 ), we created Stokes I filterbanks from the
oltage data, with frequency and time resolutions of 62.5 kHz and 
4 μs, respectively, which we then used to search for bursts. We also
reated filterbank data products from the raw voltages at the time of
etected bursts, with different time/frequency resolution combina- 
ions, for other analyses, as will be explained in later sections. 

 ANA LY SIS  A N D  RESULTS  

.1 Burst search 

.1.1 The ECLAT burst search pipeline 

UPPI records data as eight 64-MHz subbands, which we stitch 
ogether and write out as 32-bit Stokes I filterbanks with 512- 

Hz bandwidth using custom PYTHON scripts that incorporate func- 
ionality from the YOUR (Your Unified Reader) library (Aggarwal 
t al. 2020b ). These filterbanks are converted to 8-bit samples using
igifil for compatibility with the Heimdall software used later 

n the pipeline. The 8-bit filterbanks are then processed in two- 
inute chunks using the rfifind tool from the PRESTO pulsar 

oftware suite (Ransom 2001 ), to determine which channels are most
ontaminated by radio frequency interference (RFI). We flag only 
hese channels and apply no flagging to individual time intervals. 
he flagged data are then searched using Heimdall , where we set a
/N threshold of 7. We ef fecti vely searched for boxcar widths ranging
rom 16 μs to 131 ms within a DM range of 200–250 pc cm 

−3 for FRB
 www.evlbi.org/ sites/ default/ files/shared/ EVNstatus.txt

a
o
T  
0220912A. Candidates from the Heimdall search are classified 
y the machine-learning classifier FETCH (Aggarwal et al. 2020a ). 
e manually inspect all the candidates for which any of the FETCH
odels A to H give a score abo v e 0.5. If the bursts pass this manual

nspection and are considered astrophysical, they are extracted from 

he original 32-bit data with full polarization information. The 32-bit 
ata are used for the remainder of the analyses. 
We detected many hundreds of bursts from FRB 20220912A, and 

hile the burst rate drastically decreased around the end of 2022,
e are still occasionally detecting bursts at the time of writing this
anuscript. The entire burst sample and a study of the evolution of

he burst properties o v er time will presented in a future paper. On
022 October 29 (MJD 59881), 2022 No v ember 1 (MJD 59884), and
022 No v ember 16 (MJD 59899), we detected exceptionally bright
ursts from FRB 20220912A, which we refer to as B1, B2, and B3,
espectively, throughout the rest of this paper. These were the three
ursts with the highest detection S/N. 

In Fig. 1 , we show the dynamic spectra, frequenc y-av eraged
 urst profiles, and time-a veraged spectra of the three brightest
ursts detected thus far from FRB 20220912A in our ECLAT 

bservations. Each frequency channel in the dynamic spectrum has 
een individually normalized using off-burst statistics (i.e. bandpass 
orrected). The brightness variations in the spectra that are a few bins
ide are likely the result of unresolved scintillation. The extreme S/N
f these bursts results in some artefacts from out-of-band emission 
efore the first digitization stage that can be seen in the dynamic
pectra at the highest observed frequencies, before the burst occurs. 

Two of the three bright bursts exhibit clustered broad-band 
and sometimes exquisitely bright) emission components that are 
ometimes a single 16- μs time bin in duration. Throughout this paper,
e refer to these extremely short time-scale, broad-band structures 

s ‘microshots’. In Fig. 2 , the top panels show the time profile
f the entire burst envelopes, while the middle and bottom panels
isplay zoom-ins of the time profiles and dynamic spectra where the
icroshots appear. In the middle panels, we have also o v erplotted, in

urple, the time profile on a logarithmic scale y -axis, which reveals
any more microshots that are less apparent on the linear scale.
he microshots have been manually identified and are indicated by 
ertical turquoise lines in the figure. 

.1.2 Westerbork burst search 

he burst search pipeline used to search the Westerbork data has
een previously described in detail (Kirsten et al. 2021 , 2022a ).
esterbork was not on source during burst B1, but on 2022 October

9 and 2022 No v ember 16 the ECLAT observations o v erlapped
ith Westerbork observations, and B2 and B3 were independently 
isco v ered in the search of the Westerbork data. 

.2 Dispersion measure determination 

e determined the DM of B1 using the three extremely bright
nd broad-band microshots seen in the dynamic spectrum of the 
RT data. We chose a DM that ensured that these microshots each

ndi vidually arri ved at all observed frequencies at the same time. This
as done by dedispersing these three microshots to a range of trial
M values using a technique that shifts channels by fractions of a bin.
e then fitted a Gaussian to these S/N versus DM curves to determine

n optimal value and uncertainty. The microshots slightly differ from 

ne another in their skewness, brightness, duration and bandwidth. 
ogether with the intense variations in brightness as a function of
MNRAS 526, 2039–2057 (2023) 

file:www.evlbi.org/sites/default/files/shared/EVNstatus.txt
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M

Figure 1. Dynamic spectra of three bursts detected from FRB 20220912A with the NRT as part of the ECLAT monitoring campaign. The burst IDs (see 
Table 1 ) are shown in the top-left corners of each subfigure. The frequency and time resolution are 4 MHz and 16 μs, respectively. In addition to being coherently 
dedispersed to a DM of 219.46 pc cm 

−3 , bursts B1, B2, and B3 have also been incoherently dedispersed to DMs of 219.356, 219.375, and 219.8 pc cm 

−3 , 
respectively (see the main text for more details). Horizontal white lines in the dynamic spectra indicate frequency channels that have been excised due to the 
presence of RFI. The top panel of each subfigure shows the frequenc y-av eraged time series of the burst, and the right-hand panel shows sthe time-averaged 
spectrum of the burst. The time series is obtained by summing o v er the entire observing bandwidth, while the spectrum is obtained by only summing o v er 
the times where the burst is present (determined by eye and indicated by the purple bar in the top panel). The spikes in the frequency spectra are likely 
due to scintillation in the Galactic ISM. Note that while the frequenc y e xtent of each dynamic spectrum is the same, the time extent is not. The noise is 
Gaussian-distributed with a standard deviation of 1 and a mean of 0. The colour scale for all subfigures has been logarithmically scaled using the 99.9 quantile 
as the maximum and a value of 1 as the minimum. Note that artefacts, arising from out-of-band emission before the first digitization stage, are visible in the 
highest-frequency channels, preceding the burst. 
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Forests of microshots in FRBs 2043 

Figure 2. A zoomed-in view of bursts B1 and B2 is shown in the two subfigures. Panels a and d show the full temporal burst profile of bursts B1 and B2, 
respectively. Microshots are indicated by vertical turquoise lines. In each of these panels, the time span where the microshots are clustered is indicated by 
a horizontal orange bar. Panels b and e show zoom-ins of these regions. The purple profile is the same as the black, but on a logarithmic y -scale, revealing 
microshots that are less visible in the black linearly scaled profile due to the wide range of observed S/Ns. The dynamic spectra of these zoomed-in regions 
are shown in panels c and f. Horizontal white lines indicate channels that have been zapped due to the presence of RFI. Also note the residual frequency drift 
present in the broader burst components that occur after the microshot forests in panel c. 
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requency (likely scintillation, as we discuss later) this complicates 
he DM determination, but we attempt to mitigate this by averaging 
he power of a few microshots, and fitting a Gaussian to this averaged
/N versus DM curve. The resulting fits are shown in Appendix Fig.
1 . The curves are not smooth and exhibit scalloping that differs

rom one microshot to another. This occurs because the microshots 
ave durations comparable to the time resolution of our data and our
requency resolution is rather coarse (since coherent dedispersion 
as been implemented beforehand). Artificially increasing the time 
esolution of the dynamic spectrum before dedispersion (with nearest 
eighbour interpolation), and then downsampling to the original time 
esolution after the frequency channels have been shifted, results in 
lightly less scatter in S/N versus DM. In the Westerbork data, where
ubmicrosecond resolution is available, the scalloping disappears. 
MNRAS 526, 2039–2057 (2023) 
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Table 1. Burst properties. 

Burst ID TOA (MJD) a Peak flux Fluence Isotropic equi v alent Drift rate DM 

density (Jy) b (Jy ms) b , c ener gy (10 40 er g) b , d (MHz ms −1 ) e (pc cm 

−3 ) 

B1 59881.86563025384 281 1089 8.1 −8(3) 219.356(12) 
B2 59884.83394049601 450 474 3.5 −20(6) 219.377(9) 
B3 59899.78465274653 190 411 3.1 −34(8) 219.8(1) 

Notes. a The topocentric time-of-arri v al of the burst measured at the time bin of peak flux density, corrected to infinite frequency 
for a DM of 219.37 pc cm 

−3 and using a DM constant of 1/(2.41 × 10 −4 ) MHz 2 pc −1 cm 

3 s. 
b The estimated uncertainty is approximately 20 per cent due to uncertainty in the SEFD. 
c Determined o v er the full bandwidth of the observations. 
d Calculated as 4 πF �νD 

2 
L /(1 + z), where F is the fluence, �ν is the observing bandwidth, and D L and z are the luminosity 

distance and redshift of the host galaxy, respectively. 
e Calculated as cot( θ ), where θ is the angle of the 2D Gaussian fit to the 2D ACF (see main text for details). 

Table 2. Burst properties obtained from the power spectrum, clustering, and polarimetric analyses. 

Burst ID αa r k b RM obs δRM obs Circular polarization 
(ms −1 ) b (rad m 

−2 ) c (rad m 

−2 ) d fraction 

B1 2.08(8) 0 . 87 + 1 . 64 
−0 . 59 0 . 46 + 0 . 15 

−0 . 13 −0.93(5) 0.67(5) 4(1) 

B2 1.5(2) 1 . 07 + 2 . 40 
−0 . 76 0 . 51 + 0 . 22 

−0 . 18 1.10(7) 0.73(5) 6(5) 

B3 2.8(2) – – 0.12(7) 0.75(3) 7(2) 

Notes. a Power-la w inde x determined by fitting a power-la w model to B1–B3 using the NRT data (see the 
main text for more detail). 
b These uncertainties are the 99 per cent confidence intervals. 
c These are the FWHM/SNR uncertainties reported by rmfit . 
d The amount of ionospheric Faraday rotation estimated using IonFR (Sotomayor-Beltran et al. 2013 ). 
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ur fits yield a DM of 219.356(12) pc cm 

−3 for B1. B2 similarly has
hree extremely bright and broad-band microshots that were used
o determine a DM of 219.377(9) pc cm 

−3 . Consistent measurements
ere obtained by performing similar analysis on the Westerbork data
f B2 (time resolution of 1 μs). B3, ho we ver, sho ws no microshots,
ven when exploring the burst with higher time resolution in the
esterbork data. Here, we thus focused on straightening the notches

narrow intensity dips) that are present in the burst, resulting in a DM
f 219.8(1) pc cm 

−3 . This is likely a slight o v erestimation of the DM
ecause the DM that straightens the microshots in the other bursts
oes not necessarily straighten the dips in the broader sub-bursts.
or the remainder of the analyses, we use the aforementioned DM
alues, tabulated in Table 1 , unless stated otherwise. 

In the literature, DMs are often determined using DM phase
Seymour, Michilli & Pleunis 2019 ) 4 , which maximizes the coherent
ower of a burst across the bandwidth in order to determine a best
M. For the sake of comparison, using the entire burst as input for
M phase , while applying a bandpass filter to limit the fluctuation

requencies between 1 and 15.625 ms −1 (i.e. time-scales ranging
rom 2 bins to 1 ms) results in optimal DMs of 219.35(3), 219.37(2),
nd 219.8(2) pc cm 

−3 for bursts B1, B2, and B3, respectively
1 σ -uncertainties). These values are consistent with those we
btain from aligning the microshots to arrive at the same time at
ll observed frequencies. All the aforementioned DM values are
ummarized in Table 2 . 

Moreo v er, these DMs are generally consistent with what was
eported by CHIME/FRB and others thus far. In Section 4.1 , we
urther justify our decision for determining the DM in this manner and
iscuss other important nuances related to FRB DM determination
n general. 
NRAS 526, 2039–2057 (2023) 
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f  
.3 Measurement of burst properties 

ome properties of the bursts are tabulated in Table 1 . Before
etermining any properties, we first removed the bandpass: for each
hannel, we subtract the mean and divide by the standard deviation of
he off-burst noise, free of any obvious RFI. To convert these pixels,
hich are now in S/N units, to physical flux densities, we multiply
y the radiometer equation. 

.3.1 ACF analysis 

e measured drift rates by calculating 2D autocorrelation functions
ACFs) of the bursts. We masked the zero-lag noise spike and then
tted a 2D Gaussian function to the ACF, following the technique
etailed in Chamma et al. ( 2021 ). Uncertainties on the drift rate are
alculated as in Gopinath et al. ( 2023 ). The ACFs of the bursts can be
een in Appendix, Fig. B1 . The angle of the 2D Gaussian is defined
s the orientation of the semimajor axis measured counterclockwise
rom the positive y -axis, and the tangent of this angle gives the burst
rift rates reported in Table 1 . These drift rates are comparable to
rift rates measured in other complex bursts from FRBs such as
RB 20201124A (e.g. Zhou et al. 2022 ), and with the lower end
f drifts measured for FRB 20121102A (e.g. Hessels et al. 2019 ).
easurement of drift rates at other radio frequency bands is necessary

o determine whether the drift rate varies linearly with frequency for
RB 20220912A as it does for other repeaters (e.g. Hessels et al.
019 ; Gopinath et al. 2023 ). 
The 2D ACFs can further be used to measure the frequency and

ime-scales of brightness variations in these bursts. The Galactic
oordinates of FRB 20220912A are l = 106.1 ◦, b = −10.8 ◦; it thus
ies slightly outside of the Galactic plane, and scatter broadening
hould consequently be moderate. The expected scattering time-scale
or FRB 20220912A at 1 GHz according to the NE2001 Galactic

https://github.com/danielemichilli/DM_phase
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Figure 3. The power spectra of the NRT-detected bursts from FRB 20220912A are shown in grey, the black line shows the same power spectra but downsampled 
by a factor of 8. The power spectrum of the off-burst noise is shown in turquoise. No normalization has been applied to any of the power spectra. Burst IDs 
are labelled in the top right of each subfigure. For B2, we also show the spectra using the simultaneous Westerbork (Wb) voltage data, which provided 1 μs 
time resolution for this analysis. The burst power spectra have been fitted with a model that consists of a power law (purple dashed line) and, where possible, 
a white noise component (purple dotted line) using the Stingray modelling interface (Huppenkothen et al. 2019 ). The residuals from these fits are shown in 
the bottom panels of each subfigure. The crosso v er frequenc y where the power-la w and white noise components intersect is marked with a solid vertical orange 
line, with shaded regions to illustrate the 3- σ uncertainty (see the main text for more detail). Note that the x-axes are different between bursts. 
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lectron density model (Cordes & Lazio 2002 ) is 2 . 6 μs. Assuming
 frequency scaling of τ ∝ ν−4 , the expected scattering time at the
entre of the Westerbork band (1.271 GHz) is 1.0 μs, corresponding 
o a scintillation bandwidth of 160 kHz (using the approximation 
ν ∼ 1/2 πτ ). At 1.484 GHz, which is the centre of the NRT band,

he scintillation bandwidth is expected to be approximately 290 kHz, 
hich is less than a tenth of the frequency resolution of these data

4 MHz). Since the frequency resolution of our NRT data is too
oarse to resolve the expected scintillation bandwidth, we do not 
ttempt to measure it in the frequency ACF. The presence of a one-
in peak at the centre of the frequency ACF does, ho we ver, hint
t a scintillation bandwidth of a few MHz at most. Fortunately, 
s previously mentioned, voltage data were recorded for B2 with 
esterbork RT-1 and we were thus able to generate coherently 

edispersed total intensity filterbanks with even higher time and/or 
requency resolution than that of the NRT data, using the Super 
X Correlator, SFXC (Keimpema et al. 2015 ). We constructed data 
roducts with a frequency resolution of 62.5 kHz and computed an 
CF of these data, allowing us to distinguish between the different 

requency scales that are present. We then fit a Lorentzian function 
o the narrow central feature present in the 1D frequency ACF and
easure a scintillation bandwidth, defined as the half width at half-
aximum of the Lorentzian, of 300(30) kHz (see Fig. B2 ). This

orresponds to a scattering time-scale of ∼0.5 μs at 1.271 GHz, 
hich is consistent within a factor of 2 with the prediction from
E2001. Moreo v er, once frequenc y scaling has been taken into

ccount, our measurement is also consistent with the scintillation 
andwidth of 390(20) kHz reported from FAST observations that 
ere conducted at a central frequency of 1.3 GHz (Wu et al.
023 ). 

.3.2 Power spectrum analysis 

n Nimmo et al. ( 2021 , 2022 ), the power spectra of bursts are
omputed to determine if the bursts are consistent with red noise and
o explore whether there are any significant features present in the
ower spectra, such as quasi-periodic oscillations (QPOs). Following 
his same procedure and using the Stingray modelling interface 
Huppenkothen et al. 2019 ), we computed the power spectra of bursts
1 to B3 using the NRT data, as well as B2 with the Westerbork data

which has a 16 × higher time resolution of 1 μs), and modelled them
s power laws (red noise), where the maximum a posteriori model is
f the form: 

 ( ω) = Aω 

α + C. (1) 

Here, ω is the frequency, A is the amplitude, α is the power law
ndex, and C is a white noise constant. We assume flat priors for
 and α and a normal prior for C . In the case of B1 and B2 with

he NRT data, C could not be well constrained, so we only fit a
ower law without a white noise constant. These power law fits and
esiduals are shown in Fig. 3 . The power law indices we estimate
re presented in Table 2 . These values are comparable to those of
RB 20180916B and FRB 20200120E (Nimmo et al. 2021 , 2022 ).
he power laws for B1 and B2 are flatter than that of B3, which is in
greement with B1 and B2 having more significant power at higher
MNRAS 526, 2039–2057 (2023) 
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Figure 4. The bottom panel shows a zoom-in of the dynamic spectrum of burst B2, which was simultaneously detected (along with NRT) by the Westerbork 
RT-1 dish. The time and frequency resolution are 16 μs and 62.5 kHz, respectively, and the three brightest microshots are clearly visible. Above the dynamic 
spectrum, the frequenc y-av eraged profile is shown. The top three panels show zoom-ins on each of these microshots (indicated by the coloured horizontal bars) 
at 1 μs time resolution. These high-time resolution views of the microshots confirm that we are (mostly) resolving these microshots even with the 16- μs time 
resolution of the NRT data. Note that the S/N of the microshots indicated by the turquoise and orange bars is shown by the left y -axis, whereas the S/N of the 
microshot indicated by the purple bar is shown on the right y -axis (in purple). 
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requencies (shorter time-scales) due to the presence of microshots.
urthermore, these fits allow us to investigate the highest fluctuation
requencies and to determine if there are any significant outliers
rom the power-law fit that may suggest the presence of QPOs.
here are, ho we ver, no such outliers, and we find no e vidence for
ny QPOs in any of these three bursts. 

In an effort to quantify the shortest time-scales present in the burst
ata, we determine the crosso v er frequenc y ω c where A ω 

α and C
ntersect, i.e. the frequency where the amplitude of the source varia-
ions is smaller than the amplitude of the instrument noise and can no
onger be measured. For B1 and B2, we were unable to constrain C in
he NRT data, and ω c potentially lies at frequencies higher than we are
apable of probing (i.e. time-scales shorter than 16 μs). In addition to
he power spectra and fits of the bursts in Fig. 3 , we also show a power
pectrum of off-burst noise in turquoise. The statistical properties of
he off-burst noise are different from those of the on-burst noise
ue to amplitude modulation. We consequently do not normalize
he spectra, and while the comparison is imperfect, it is sufficient to
emonstrate that even at the highest fluctuation frequencies, the burst
ower is well abo v e the noise for B1 and B2. This suggests significant
urst structure on time-scales comparable to, and even smaller than,
he time resolution of our NRT data (16 μs), which is consistent
ith the presence of microshots in these bursts. For B3, which

acks any obvious microshots, we were ho we ver able to constrain
NRAS 526, 2039–2057 (2023) 
 and estimate ω c to be 22(6) kHz ( ∼45 μs), while for B2 with the
esterbork data (1 μs time resolution) ω c is 61(9) kHz ( ∼16 μs).

hese values and their uncertainties are indicated by the orange
ertical lines and shaded regions in Fig. 3 . One can also see by eye
hat this is approximately the fluctuation frequency where the on- and
f f-burst po wer spectra intersect. The microshots are thus marginally
esolved by the time resolution of the NRT data, and the notches
resent in B3 are of the same duration as some of the microshots. 

.3.3 High time resolution analysis 

sing the raw voltage data recorded from the Westerbork obser-
ations, we can construct data products using SFXC (as mentioned
arlier) with even better time resolution than the NRT data to confirm
hat we are marginally resolving the microshots and to determine if
here is any structure on time-scales shorter than the time resolution
f the NRT data. In Fig. 4 , we show a dynamic spectrum of B2 which
as detected using the Westerbork RT-1 dish. The plotted data have

he same time resolution as the NRT data (16 μs) and a frequency
esolution of 62.5 kHz. The top three panels show zoom-ins of the
rightest three microshots at a time resolution of 1 μs. Here, it can be
een that the microshots are mostly being resolved in the NRT data,
s they do not completely break-up into more components. There
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Figure 5. The top panel shows the brightest microshot in burst B2 at 125 ns time resolution. In the bottom panel, the time profile for each of the eight subbands 
is shown at a time resolution of 31.25 ns, which is the best possible time resolution we can obtain with the Westerbork data. The majority of the emission is 
concentrated towards the top of the Westerbork observing band. 
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re, ho we ver, hints of brightness fluctuations on the order of 1 μs
ime-scales, particularly in the third, brightest microshot (indicated 
y the purple bar). 
In Fig. 5 , we further zoom in on this specific bright microshot.

nstead of plotting a conventional dynamic spectrum (with poor 
requency resolution), we opt to show the time-series per subband 
ampled at the Nyquist rate at a time resolution of 31.25 ns and a
requency resolution of 16 MHz. We find that the emission of the
urst is mostly concentrated in the form of bright scintils in the
op subbands. The top panel shows the time series of the microshot
t a time-averaged resolution of 125 ns. Here, we can see hints of
ubmicrosecond structure, but due to S/N limitations, the precision 
o which we know the true DM, and the inferred scattering time-scale
f about 0.5 μs, we are unable to make concrete claims. 

.4 Clustering of microshots 

o explore whether the microshots are clustered in time during the 
ursts, or exhibit a random (Poisson) distribution, we manually 
dentified 27 microshots in B1 and 18 microshots in B2, and 
alculated the wait-time distributions of these microshots (see Fig. 6 ). 
he intervals δ between events of a Poisson process with a constant 

ate r follow an exponential distribution: 

 ( δ| r) = r e −δr . (2) 

In the context of FRBs, Oppermann, Yu & Pen ( 2018 ) have
iscussed how this can be generalized as a Weibull distribution: 

 ( δ| k , r) = 

k 

δ
( δr� (1 + k −1 )) k e −( δr� (1 + k −1 )) k , (3) 

here k is the shape parameter, r is the rate parameter, and � is the
amma function. If k = 1, the equation reduces to the exponential
orm and the events are Poisson distributed. The smaller the value of
 , the more the distribution deviates from a Poisson distribution and
he more clustered the events are. 
Here, we test whether the wait times between the microshots 
dentified in these bursts are consistent with a Poissonian distribution 
i.e. the posterior distribution is consistent witk k = 1) by following
he methodology of Oppermann et al. ( 2018 ) (as also implemented
n Kirsten et al. 2021 ; Good et al. 2023 ; Nimmo et al. 2023 ).
sing a uniform prior distribution f ( k , r ), we calculate the posterior
istribution as: 

ost ( k, r| d) ∝ L ( d| k , r) f ( k , r) , (4) 

where L ( d | k , r ) is the likelihood of the data d . The posterior
robability distributions of r and k for the microshots in B1 and
2 are shown in Fig. 7 and the values are presented in Table 2 . For
oth bursts, k < 1, thus providing evidence that the microshots are
lustered within the bursts (and possibly even to a comparable degree
n both bursts). 

.5 Polarimetry 

e calibrated the polarimetric data by using PSRCHIVE tools 5 

Hotan, van Straten & Manchester 2004 ). Archive files containing 
ull polarization information were created for the bursts using DSPSR
van Straten & Bailes 2011 ). These archives were then calibrated
sing the pac command from PSRCHIVE in combination with a 3-
z pulsed noise diode scan and a polarization calibration modelling 

pcm) file. The pcm files are constructed by analysing observations of
he pulsar PSR J0742 −2822 during which the receiver horn is rotated
y ∼180 ◦ o v er the course of a 1-h observation. Notably, we do not
imply apply single-axis calibration to correct the differential gain 
nd differential phase of the receptors, but make use of the complete
eception model (van Straten 2006 , 2013 ), which, in addition to
he single-axis calibration, maps the frequency-dependent gain, and 
akes into account the non-orthogonality of the receptors to more 
MNRAS 526, 2039–2057 (2023) 
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Figure 6. (a) The cumulative microshot distribution as a function of time since the start of the burst, for bursts B1 and B2. (b) The wait-time distribution of the 
microshots identified in B1 and B2. Each histogram bin is 0.25 ms wide. 

Figure 7. Posterior probability distributions of the rate ( r ) and shape parameters ( k ) for the Weibull distributions of the microshots identified in B1 ( a ) and B2 
( b ). The contours and shaded regions show the 68, 95, and 99 per cent confidence intervals. The white plus indicates the position of the maximum probability 
density. 
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ccurately estimate the complete instrumental response (Guillemot
t al., submitted ). 

To determine the RMs of the bursts, we use PSRCHIVE ’s rmfit .
n Fig. 8 , the obtained Faraday spectra are shown for the three
ursts detected with NRT. The optimal RMs, with the FWHM/SNR
ncertainties reported by rmfit , are all close to 0 rad m 

−2 . Using
onFR (Sotomayor-Beltran et al. 2013 ), we estimated the amount of

onospheric Faraday rotation. All the aforementioned RM values are
hown in Table 2 . Importantly, the values obtained from rmfit are
he observed RM values (RM obs ), since they have not been corrected
or the effect of the ionosphere or redshift. These RM obs values are
onsistent with what has been reported in other works (McKinven &
hime/Frb Collaboration 2022 ; Feng et al. 2023 ; Zhang et al. 2023 ).
he RM also appears to be relatively stable, as Zhang et al. ( 2023 )
emonstrated that the RM changed very little over the course of 2
onths. We too find no major change in the RM between B1 and B3,
hich are separated by 18 days. 
NRAS 526, 2039–2057 (2023) 
We validated our polarimetric calibration using an observation
f the pulsar PSR B0355 + 54. The resulting polarimetric profiles
atched those in the European Pulsar Network 6 (EPN) data base

entred at 1408, 1642, and 1710 MHz, and the RM we retrieved
s 82.9(9) rad m 

−2 , which when taking into account possible iono-
pheric variations is consistent with 81.5(3) rad m 

−2 reported in the
TNF catalogue (Manchester et al. 2005 ). 7 

Fig. 9 shows the polarimetric profiles of the NRT-detected bursts,
ssuming an RM of 0.6 rad m 

−2 . Before creating the frequency-
veraged profiles, we masked the frequency channels contaminated
y RFI in the burst data, as well as those channels that had to be
asked due to RFI in the noise diode scans. Since the polarimetric

rofiles and PPAs do not significantly change if we correct for the

https://www.epta.eu.org/epndb/
https://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 8. The RM spectra produced by rmfit for the three FRB 20220912A 

bursts detected with the NRT. The optimal values for RM obs are −0.93(5), 
1.10(7), and 0.12(7) rad m 

−2 for B1, B2, and B3, respectiv ely. The v ertical 
dashed line is at 0.6 rad m 

−2 , the RM reported for a bright burst from FRB 

20220912A by CHIME/FRB (McKinven & Chime/Frb Collaboration 2022 ). 
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mall range of RM values that we measure, we adopt this single value
hich was previously reported and is consistent with our results. We 
sed unbiased linear polarization (Everett & Weisberg 2001 ) for our 
nalyses and plots, 

 unbiased = 

⎧ ⎨ 

⎩ 

σI 

√ (
L 
σI 

)2 
− 1 if L 

σI 
≥ 1 . 57 

0 otherwise 
(5) 

The bursts are all about 100 per cent linearly polarized with 
ints of circular polarization in some components. The circular 
olarization fractions are tabulated in T able 2 . W e do not believe
hese inklings of circular polarization to be astrophysical, since 
he circular polarization fraction of the bursts still retains a slight
requency dependence despite our careful calibration procedure (see 
ig. C1 ). Nevertheless, this imperfection in the calibration has no 
ignificant effects on our results or interpretation thereof. Unlike 
any other repeating FRBs, which show PPAs that are flat across

nd even between bursts (e.g. Nimmo et al. 2021 ), the PPAs of these
RB 20220912A bursts show some variability. The PPAs in B1 and 
3 display swings and vary by approximately 10 degrees across the 
urst duration. We also see significant jumps in the PPA at the time
f the dense microshot forest. Feng et al. ( 2023 ) also reported PPA
wings in some bursts from FRB 20220912A, akin to those seen in
RB 20 180 301 (Luo et al. 2020 ). 

 DISCUSSION  

.1 On dedispersion 

he DM is a fundamental quantity associated with FRB sources, and 
nowledge of the correct DM is critical for measuring many other 
ttributes such as burst widths, peak flux densities, and scattering 
ime-scales, to only name a few examples. Determining the DM 

ccurately, ho we ver, is non-tri vial as has been noted by various other
uthors (e.g. Hessels et al. 2019 ). 

One can opt to determine the DM by trying to maximize the
requenc y-av eraged S/N of a burst, as is ef fecti vely done in most burst
earches. This method unfortunately often results in o v erestimation 
f the DM due to downward drifting complex frequency-time 
tructure (‘sad-tromboning’; Hessels et al. 2019 ), which is present 
n many FRBs (especially repeaters) and is most likely not related 
o dispersion caused by intervening media. Hessels et al. ( 2019 )
ollowed an alternate approach that involved trying to optimize 
or burst structure by maximizing the time deri v ati ve of the peaks
n frequenc y-av eraged burst profile. This method has been widely
dopted through its implementation in the DM phase package 
Seymour et al. 2019 ) and other similar techniques. While this
reatly impro v es upon simple S/N-maximization, it might still fail to
etermine an accurate DM for weaker bursts or bursts that lack any
rominent structure. 
Fortunately, bursts B1 and B2 exhibit exquisite structure. There 

re exceptionally bright components present that are at most only a
ew bins wide in the NRT data (tens of microseconds in duration).
s was mentioned in Section 3 , we determined the DM of the bursts
resented in this paper by aligning the microshots so that the emission
ccurs simultaneously at all frequencies. The DM estimates obtained 
rom using DM phase , with some manual guidance on what range
f times and fluctuation frequencies to use, are consistent with our
M values. 
Importantly, in accurately determining this DM, a few assumptions 

re made that require justification. Firstly, we are assuming that 
he entire burst and all of its components have a single DM value.
urthermore, the structure optimization approach assumes that in the 
eference frame of the source, burst emission occurs simultaneously 
cross a broad range of frequencies. Building upon these two assump- 
ions, we further assume that it only holds true for the microshots, but
ot necessarily for broader components/sub-bursts. This is moti v ated 
y our observation of a residual drift that can be seen in the broader
ub-bursts after correcting for dispersion (using a DM, which we 
easure using the microshots). While, ef fecti vely, a single DM

alue temporally aligns the emission of multiple microshots across 
ll observed frequencies, it does not vertically straighten the broader 
omponents in the dynamic spectrum. We have overdedispered bursts 
1 and B2 to straighten these broader burst components, ignoring the
icroshots, and find that no single DM value can perfectly straighten

ll of the broader burst components, as they have slightly different
apparent) DMs. These DMs are al w ays slightly larger than the DM
etermined using the microshots, but smaller than about 0.3 pc cm 

−3 .
ther authors have also noted that for some bursts not all components

an be temporally aligned using a single DM (e.g. Michilli et al. 2018 ;
hou et al. 2022 ). In addition to the λ2 dependent delay introduced by
ispersion, there appears to be an additional drift which determines 
he spectro-temporal morphology of the sub-bursts, perhaps related 
o the emission mechanism. Multiple studies have noted that this 
rift increases linearly with burst duration and that the sad-trombone 
ffect occurs within sub-bursts, as well as between them (Rajabi et al.
020 ; Chamma et al. 2021 ; Brown et al. 2023 ; Jahns et al. 2023 ). 
Alternatively, if we refrain from making our initial assumption 

nd allow for different burst components to have different DM 

alues, the residual drift seen in broader burst components after 
edispersion (to the microshot-determined DM) could perhaps be ex- 
lained by a difference in column depth or electron density between
he microshots and the broader burst components. Considering a 
cenario where FRBs are emitted within an ionized medium around 
 compact progenitor, the difference in DM would arise from the
roader components being emitted deeper within the ionized medium 

loser to the progenitor, and thus travelling along a longer path
r through denser media than the microshots. Furthermore, within 
lose proximity to a magnetar progenitor, for example, the plasma 
ecomes relativistic, and non-linear propagation effects start to play 
 significant role. The most important non-linear propagation effect 
n magnetar winds is the filamentation instability (Sobacchi et al. 
022 ), which is expected to result in slight variations of the ef fecti ve
MNRAS 526, 2039–2057 (2023) 
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Figure 9. Polarimetric profiles of the three FRB 20220912A bursts detected with the NRT (see burst ID in each subfigure). The total intensity is shown by the 
black burst profiles and the unbiased linear and circular polarization in red and blue, respectively. These profiles are shown at the full 16- μs time resolution 
of the data, and channels contaminated by RFI were flagged before averaging over frequency to obtain these profiles. The probability distribution (following 
Everett & Weisberg 2001 ) of the PPAs is shown in the panels abo v e the burst profiles, and are zoomed in to show subtle variations with time. These profiles 
have been polarimetrically calibrated using the full receptor model and de-Faradayed with an RM of 0.6 rad m 
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M, depending on the order of the variations we see in different
illisecond-duration components in these bursts. 
Now, considering a scenario where the position of the burst

mission can be explained by radius-to-frequency mapping (Lyutikov
NRAS 526, 2039–2057 (2023) 
020 ; Tong et al. 2022 ), it is more natural to assume that the burst
mission of some components is delayed at lower frequencies as
 result of material that is propagating radially outward from a
entral engine than to assume the inverse situation, where emission
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s delayed at higher frequencies due to the emission re gion mo ving
owards the central engine. Consequently, if a burst is found to have
 DM that results in dedispersed emission occurring later at higher 
requencies, this DM is likely o v erestimated. 

In short, we thus argue that the correct DM of a burst is one
hat temporally aligns short-time-scale emission at all observed 
requencies, but may still cause longer duration sub-bursts to have a 
rift where emission is delayed at lower, but not higher, frequencies. 
he shortest time-scales in a burst should thus be used to quantify the
ncertainty of the DM measurement. Methods that enable accurate 
uantification of the uncertainty on the structure metric of a burst,
uch as Sutinjo et al. ( 2023 ), are especially useful in this regard. 

Reporting accurate uncertainties is especially important when 
ndividual DM measurements are made for a large numbers of bursts.
egligence in this regard may result in non-physical interpretations, 

s significant changes in the DM of bursts within a short period
f time require quite extreme variations in the line-of-sight plasma 
ocal to the source (e.g. very dense filaments moving across the 
ine of sight). In the case of the Crab pulsar, DM variations of

0.02 pc cm 

−3 month −1 have been seen that can be interpreted as
 scattering screen caused by filaments in the nebula (Driessen et al.
019 ). While some FRBs do originate from a very extreme magneto-
onic environment and large DM and RM variations between bursts 
re expected, true astrophysical DM variations of a few units o v er the
ourse of a few weeks seem unlikely. We therefore argue that it is in
eneral better and more astrophysically moti v ated (although still not 
deal) to dedisperse multiple bursts that were detected from the same 
ource within a period of weeks to a DM that has been determined
rom burst(s) that have short time-scale structures than to dedisperse 
ach burst to an individual DM (regardless of the method used to
etermine these individual DMs). 
Notably, ho we ver, there are some sources, such as FRB

0121102A have been seen to have credible DM variations on longer 
ime-scales. The DM has been seen to increase by approximately 
 pc cm 

−3 o v er the course of ∼3 yr (Michilli et al. 2018 ; Hilmarsson
t al. 2021 ), before decreasing by about 10 pc cm 

−3 o v er the ne xt 3 yr
Wang et al. 2022 ). 

.2 Microshots in FRB 20220912A 

wo of the three FRB 20220912A bursts presented in this paper 
onsist of burst components with durations ranging from about ten 
icroseconds to a few milliseconds. Summing o v er the entire 512-
Hz observing bandwidth, the brightest of these microshots in B2 

when dedispersed using a DM of 219.377 pc cm 

−3 ) has a S/N abo v e
000, corresponding to a peak flux density of approximately 450 Jy. 
hese microshots appear to be mostly resolved at around 10 μs, but

here are hints of submicrosecond time structure, as shown in Fig. 5 ,
hat require confirmation. 

In addition to the microshots, there are also more typical, wider 
urst components. Interestingly, even after the burst has been 
orrected for dispersion and the microshots are aligned so that 
mission occurs simultaneously at all frequencies, the wider burst 
omponents still exhibit a residual drift apparently not associated 
ith dispersion (see, e.g. the components between 5 and 6 ms in B1
f Fig. 2 ). Assuming the microshots with comparable bandwidth are 
lso drifting, on a conserv ati ve estimate of 5 time bins, this results
n a drift rate that is at least a factor of 6 larger than the more typical
ub-bursts. 

The range of time-scales we are probing is also evident in the
RT burst power spectra, where there is power significantly abo v e

he noise level for frequencies ranging from ∼40–3 × 10 4 Hz 
corresponding to time-scales of ∼32 μs–25 ms) for B1 and B2.
or B3, which lacks the microshots, the crosso v er frequenc y starts
ecoming visible and suggests the shortest time-scales on which 
here is significant burst structure is about 35 –62 μs, abo v e the
uration of the shortest microshots but corresponding to the duration 
f the notches. The Westerbork B2 power spectrum indicates that 
he shortest time-scale where there is significant structure is around 
4 –19 μs, explaining why the crossover frequency could not be
etermined in the NRT data, but that the shots are being marginally
esolved. 

Furthermore, we have shown in Section 3.4 that these microshots 
re not homogeneously spread out through the b urst, b ut are clustered
nto dense forests that can be described by a Weibull shape parameter
f about 0.5. The different time-scales of burst emission and different
rift rates, together with the clustering of the microshots, require 
heoretical understanding 

.3 In comparison with FRBs 

t is well known that temporal structure much shorter than the
urst width can be present in FRBs. Farah et al. ( 2018 ) showed
hat FRB 170 827 has structures that are only ∼30 μs in duration,
nd the total duration of one of the FRB 20121102A bursts in
ichilli et al. ( 2018 ) is only ∼30 μs. FRB 20180916B bursts can

ave structure on the order of a few microseconds (Nimmo et al.
021 ), and even shorter time-scale structure (tens of nanoseconds) 
s present in some FRB 20200120E bursts (Nimmo et al. 2022 ).
dditionally, in a search of archi v al GBT data, Snelders et al. ( 2023 )
etected isolated bursts from FRB 20121102A that are only a few
icroseconds in duration. At least some repeaters are thus capable of

roducing such short time-scale emission independent from broad- 
ime-scale emission. We have shown that the FRB 20220912A 

ursts presented in this work have structure on time-scales down 
o a few microseconds, and potentially even lower (see Fig. 5 ),
dding FRB 20220912A to the handful of FRBs that exhibit known
icrostructure. 
Ho we ver, we do not see these forests of microshots in all

ursts from FRB 20220912A. Similarly, Nimmo et al. ( 2021 , 2022 ,
023 ) noted that only some of the bursts have microstructure.
his raises the question of whether these microshots are in fact
 type of burst that can sometimes occur alone, as with FRB
0121102A or FRB 170827, and at other times simultaneously with 
 different broader type of burst, as with B1 and B2 presented
ere. While the isolated microsecond duration FRBs might be 
tips of an iceberg’ – extraordinarily bright microshots (much 
righter than the ones shown in this work) from a broader burst
oo faint to be detected – this seems unlikely because of the fine-
uning that is needed to see microshots but no broader components
Snelders et al. 2023 ). Re gardless, inv estigating emissions on a wide
ange of time-scales provides valuable constraints for theoretical 
odels. 
The occurrence of microshots is not easily explained by propaga- 

ion effects such as fragmentation instabilities (e.g. Lu, Beniamini & 

umar 2022 ). One of the main arguments for this is the lack of
xplanation as to why the instability would cause the breakdown 
f the emission into the microshots, while not affecting the broader
mission components that occur mere milliseconds later. Ignoring 
elati vistic ef fects, these time-scales correspond to small emission 
egions that are more naturally explained by magnetospheric magne- 
ar models (Beniamini & Kumar 2020 ) than the synchrotron maser

odels, where emissions is generated in a shock far away from the
entral engine (e.g. Metzger, Margalit & Sironi 2019 ). 
MNRAS 526, 2039–2057 (2023) 
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.4 In comparison with neutron stars 

here are five known Galactic radio-emitting magnetars (Camilo
t al. 2006 , 2007 ; Karuppusamy, Stappers & van Straten 2010 ;
evin et al. 2010 ; Eatough et al. 2013 ). These magnetars emit radio
ulsations that while semistable in rotational phase, show pulse-to-
ulse variability in flux density, spectral index, and the shape of
he pulse profile (e.g. Lazaridis et al. 2008 ; Serylak et al. 2009 ).
imilarly to the bursts seen from repeating FRBs, the individual
agnetar radio pulses (as well as the average pulse profile) tend to

e highly linearly polarized, while having circular polarization up
o a few tens of per cent (e.g. Kramer et al. 2007 ), although this
oo can be time variable (Dai et al. 2019 ). Furthermore, individual
adio pulses from magnetars have often been described as ‘spiky’
n the literature (e.g. Serylak et al. 2009 ; Caleb et al. 2022 ). The
ulses jump around in phase within the larger integrated profile and
re typically a few milliseconds wide and sometimes exceptionally
right (e.g. Yan et al. 2015 ; Pearlman et al. 2018 ; Suresh et al.
021 ). The pulses can also occasionally show hints of more complex
tructure, such as features as short as ≈0.2 ms (Camilo et al. 2006 ) or
wo components with opposing spectral indices (Suresh et al. 2021 ),
urther prompting comparison with FRBs. While the radio pulsations
re the defining characteristic of radio magnetars, these pulsations are
ot necessarily ever-present and can disappear, as in the case of XTE
1810 −197 (Camilo et al. 2016 ), or reaw ak en after years of radio-
uiescence (Lyne et al. 2018 ). We require long-term monitoring
f more repeaters to determine whether the burst storm behaviour
s analogous to this. Unlike FRBs that are sometimes extremely
arrow-band ( ∼10–30 per cent fractional bandwidths, e.g. Gourdji
t al. 2019 ; Kumar et al. 2021 ), the magnetar pulsations have broad-
and flat spectra (e.g. Lazaridis et al. 2008 ; Dai et al. 2019 ). The
ulses also do not show any downward drifting or sad-tromboning, as
s evident in some bursts from repeaters. Magnetar radio bursts have
ot been e xtensiv ely studied on microsecond time-scales, ho we ver,
nd the comparison with FRBs is thus incomplete. 

It is also worth noting that even the shortest time-scale components
n typical magnetar pulses are still longer in duration than the

icroshots in the FRB 20220912A bursts presented here, or the
icroshots seen in giant pulses (GPs). GPs are extremely bright

ulses from pulsars that last a few microseconds or less, and that
ccur within narrow phase windows. GPs have also been detected
rom radio magnetars (e.g. Caleb et al. 2022 ). GPs from the Crab
PSR B0531 + 21) have been shown to occasionally consist of
anosecond-duration, highly polarized shots of emission (Hankins
t al. 2003 ). The main pulse (MP) of the Crab has also been shown
o resolve down to a dense forest of broad-band microsecond bursts,
hich sometimes can be further resolved into extremely bright

 > 10 3 Jy), highly polarized, and narrow-band nano-shots with sub-
s durations (Hankins & Eilek 2007 ). While morphologically similar
o the spiky emission in magnetars and the microshots in FRBs, it
s important to note that the time-scales are much shorter for the
Ps. Furthermore, the polarimetric properties of the nanoshots in

he MP can change drastically from one shot to another, meaning
hat with sufficient averaging or a high enough density of nanoshots,
he polarization washes out and the profile becomes only weakly
olarized. As pointed out by other authors, pulses from the High-
requency Interpulse (HFIP) share more similarity with the repeaters

n that they are often highly linearly polarized ( ∼80–100 per cent),
ave little to no circular polarization and have polarization positions
ngles that remain constant not only throughout the pulse, but also
etween pulses (Hankins, Eilek & Jones 2016 ). This thus pro v es to
how that magnetized neutron stars such as the Crab are capable of
roducing burst emission with very diverse properties. 
NRAS 526, 2039–2057 (2023) 
The only Galactic radio bursts brighter than GPs are the extremely
right isolated radio bursts that have been detected from the Galactic
agnetar SGR 1935 + 2154 (Bochenek et al. 2020 ; CHIME/FRB
ollaboration et al. 2020 ). The brightest of these bursts had an
qui v alent isotropic energy approximately a thousand times brighter
han any previously detected radio magnetar burst; this burst was
ndeed even more luminous than bursts detected from the extragalac-
ic FRB 20200120E (Nimmo et al. 2022 ) situated approximately
.6 Mpc away (Bhardwaj et al. 2021 ; Kirsten et al. 2022a ). It was
urther shown in follow-up observations that SGR 1935 + 2154 is
lso capable of producing fainter bursts, spanning seven orders of
agnitude in energies with comparable rates (Kirsten et al. 2021 ). All

ogether, this shows that at least some fraction of the FRB population
s produced by magnetars. Assuming a magnetar progenitor, the
isco v ery of an FRB source in a globular cluster (Kirsten et al.
022a ), does ho we ver beckon for formation channels other than core-
ollapse supernovae, such as accretion-induced collapse or binary
erger. 

.5 In comparison with solar radio bursts 

he Sun produces various types of solar radio bursts (SRBs) that bear
triking morphological similarities with FRBs, albeit on much longer
ime-scales and with much lower luminosity (for a review see, e.g.

ild, Smerd & Weiss 1963 ; Pick & Vilmer 2008 ). In f act, Lyutik ov
 2002 ) predicted coherent radio emission similar to SRBs during X-
ay bursts from soft gamma-ray repeaters by virtue of comparison
ith solar flares. The first three types of SRBs were coined by Wild &
cCready ( 1950 ). Type I SRBs (also called ‘noise storms’) can last

rom hours to days, with the emission typically observed between
0–500 MHz and being made up of short-duration ( ∼1 s) and narrow
andwidth bursts that occur on top of continuum emission. Type
I and Type III SRBs hav e a more comple x structure and e xhibit
ime-frequency drifting on the order of ∼0.25 and ∼20 MHz s −1 ,
espectively. Type II SRBs last approximately minutes and are asso-
iated with coronal mass ejections that create a shock that propagates
utward through the solar corona, while Type III SRBs last only tens
f seconds and are associated with high-velocity electrons that are
ccelerated along open magnetic field lines resulting from magnetic
econnection events that cause solar flares. Ignoring the duration of
he emission, the downward drifting structure of Type II and III bursts
ooks very similar to repeater FRB emission, and also specifically
o the broader emission components and microshots seen in the
RB 20220912A bursts presented here. Ho we ver, it is worth noting

hat SRBs can be significantly circularly polarized (e.g. Kansabanik
022 ), whereas repeaters are more typically highly linearly polarized.
his could potentially be attributed to the emission being relativistic

n the latter case. There are also other types of SRBs and more
laborate subclassifications, but discussion thereof is not required
or the comparison being made in this work. 

The different types of SRBs are produced by different emission
echanisms, and while the emission physics are naturally vastly

ifferent from that of FRBs, which are many order of magnitudes
ore energetic and shorter in duration, this provides an interesting

nalogy for the FRB 20220912A bursts presented in this paper.
ust as the Sun produces different types of bursts through different
rocesses, sometimes simultaneously, FRB sources could potentially
e generating different types of bursts (in terms of energy, duration,
andwidth or drift rate) that are occasionally superimposed. In the
olar scenario, the outward propagating shock of a coronal mass
jection results in longer duration, lower drift rate Type II bursts,
ut around the same time, short-duration, higher-drift-rate Type III
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ursts can be produced along the open field lines. One of the models
hat has been proposed to explain magnetar X-ray bursts, and that has
een adapted to also explain FRBs, is the magnetar fireball model. In
his model, energy arising from starquakes or magnetic reconnection 
s injected into a plasmoid, which is enclosed by magnetic field lines
lose to the surface of the magnetar. As the fireball expands along
he magnetic field lines, the energy can dissipate as coherent radio 
mission, resulting in FRBs (Ioka 2020 ; Wada & Ioka 2023 ). The
bserved spectrum of the emission is dependent on the configuration 
f the magnetic field. In analogy to the SRBs, the microshots and
roader drifting components we observe in these FRB 20220912A 

ursts could potentially be emission with different drift rates arising 
rom different magnetic field configurations. 

 C O N C L U S I O N S  &  F U T U R E  WO R K  

e have observed the highly active repeating FRB 20220912A using 
he Nan c ¸ay and Westerbork radio telescopes. We analyse a small
ubset of bursts with extremely high S/N, dynamic range, and time 
esolution. These data allow us to investigate effects that may likely 
e present in the bursts from other FRBs, but unapparent due to their
aintness or lack of time resolution used in the data recording. We
ome to the following main conclusions and suggestions for future 
ork: 

(i) As previously pointed out by other authors (Hessels et al. 2019 ),
he determination of FRB DMs is non-trivial because of frequency- 
ependent burst structure and time-frequency drifts that are unlikely 
o be related to dispersion in the intervening media. Here we have
sed broad-band microshots in FRB 20220912A bursts to determine 
he optimal DM. We find that while the microshots are well fit by a
ingle DM, there is a residual drift in the broader burst components.
his means that DM determination via frequenc y-av eraged burst 
tructure maximization will lik ely f ail for bursts with lower S/N.
e thus caution that DM variation in repeating FRBs is difficult 

o establish robustly, and that DM uncertainties should consider the 
hortest-observable time structures (Sutinjo et al. 2023 ). 

(ii) After accurate correction for dispersion, we still observe 
esidual time-frequency drifts within broader sub-bursts of FRB 

0220912A. This residual time-frequency drift may be related to 
n outwardly propagating emission region and radius-to-frequency 
apping (Hessels et al. 2019 ). Alternatively, it could be due to an

dditional electron column density between the emission sites of the 
road and narrow (microshots) burst components; the DM required 
o straighten the broad burst components is � 0.3 pc cm 

−3 . 
(iii) We show that some FRB 20220912A b ursts ha ve brightness

ariations spanning from a few milliseconds to less than a microsec- 
nd. Such a broad range of time-scales, within a single burst event
as also been observed in FRB 20180916B (Nimmo et al. 2021 ) and
RB 20200120E (Nimmo et al. 2022 ). Furthermore, we find that 

he brightest microshots in our observed bursts are clustered in time 
ompared to the total duration of the bursts. The range of time-scales
nd clustering of microshots require theoretical understanding. Since 
he microshots show extremely high (or possibly no) time-frequency 
rift, it is possible that they arise from a distinct physical mechanism
ompared to the broader sub-bursts, which do drift. 

(iv) Though solar radio bursts (SRBs) are obviously very different 
n their luminosity and time-scale, the existence of multiple types of
RBs, which sometimes occur superimposed on each other provides 
n interesting analogy to consider. The broad-band microshots from 

RB 20220912A could be generated in a physically distinct way 
ompared to the wider frequency-swept emission. Supporting this 
ypothesis, Snelders et al. ( 2023 ) find isolated microshots from FRB
0121102A, which occur at different times compared to wider, time- 
requency swept bursts. Ho we ver, the similar polarimetric properties 
etween the microshots and wider sub-bursts suggest a physical 
onnection. 

(v) The time-scales of the FRB 20220912A microshots are com- 
atible with those of giant pulses from young and millisecond 
otation-powered pulsars (e.g. Hankins et al. 2016 ), but the o v erall
RB 20220912A burst durations of tens of milliseconds are much 

onger. While the o v erall durations and spiky burst structure are
onsistent with pulses from radio magnetars, submillisecond tempo- 
al structures have not been extensively studied in magnetars. We 
herefore encourage microsecond-resolution studies of bright radio 
ursts from magnetars. 
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Figure A1. The S/N as a function of DM of the three brightest microshots in B1 and B2 are shown as black dots. Gaussian fits to these curves are o v erplotted 
in turquoise. The combined S/N of the three microshots is also shown, with a Gaussian fit in purple. The centroid of this Gaussian fit is indicated by the solid 
vertical orange line, while the shaded region shows the 3 σ uncertainty. The scalloping in the curves is likely the result of the strongly scintillating microshots 
that have a duration comparable to the time resolution of our data. 

APPEN D IX  B:  AC F  ANALYSIS  

In Figs B1 and B2 , we show 2D ACFs of the bursts presented in this paper. See the main text and figure captions for more detail. 

Figure B1. 2D autocorrelation functions of burst B1, B2, and B3 detected with the NRT. A 2D Gaussian is fitted to the 2D ACFs to determine the drift rate. 
The top panels show the 1D time ACF, while the right-hand panels show the 1D frequency ACF. For more detail, see the main text. 
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Figure B2. Panels a and c show 1D time and frequency ACFs, respectively, of B2 using the data from the Westebork RT-1 dish. Gaussian fits have been 
o v erplotted in purple. Panel b shows the 2D ACF, with a 2D Gaussian fit o v erplotted in purple. The residuals of the frequency ACF as a fraction of the normalized 
maximum of the 1D ACF are shown in panel c. In panels c and d, a strong peak in the frequency ACF corresponding to the scintillation bandwidth has been 
highlighted in turquoise. Finally, we zoom in on this peak in panel e, where a Lorentzian fit is o v erplotted in turquoise. The HWHM of the Lorentzian function, 
which corresponds to the scintillation bandwidth, is indicated by the orange line, with the shaded orange regions showing the 3 σ uncertainty. This value is 
consistent within a factor of 2 of the NE2001 prediction. 

APPENDIX  C :  POLARIZATION  C A L I B R AT I O N  

In Fig. C1 , we plot the polarization fractions of our bursts as a function of frequency. A similar trend in Stokes V/I for all three bursts indicates 
a slight imperfection in the polarimetric calibration that does not, ho we ver, significantly influence our results or interpretation thereof. 
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Figure C1. The linear (in red) and circular (in blue) polarization fractions of B1, B2, and B3 as a function of frequency. Gaps occur due to channels that have 
been zapped to remo v e RFI contamination. 
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