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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 3: Burst properties against phase. FRB 180916.J0158+65 bursts folded at the
16.35-day period with MJD 58369.18 referenced as phase 0. The 1.7 GHz EVN detection
are in green. a: Fluence versus phase. Purple arrows indicate lower bounds derived from
CHIME detections; orange lines are the fluence threshold for 1 ms bursts for the search in
the 1.4 GHz Effelsberg data. Error bars on the CHIME detections represent the average
fluence uncertainty estimated from known point source transits. b: DM versus phase, with
1� error bars. DMs derived from high-resolution baseband data from CHIME/FRB are in
red. DMs from CHIME/FRB intensity data are in black; these are subject to potential bi-
ases (see Methods). Data points with larger errors are assigned with higher transparency.
c: Number of bursts at each phase. d: Relative exposure time of different phase bins to
FRB 180916.J0158+65 within the FWHM of the CHIME synthesized beams at 600 MHz.
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Figure 1. Dynamic spectra for the 12 bursts reported on in this work. In each panel, the bottom sub-panel shows signal
intensity as a function of time and frequency. The second sub-panel from the bottom shows the frequency-integrated burst
profile (timeseries). Each burst has been coherently dedispersed to a DM measured by DM phase. 4-paneled figures: the upper
two sub-panels show the cumulative polarization position angle (PA) in degrees relative to a zero-mean (PA � hPAi) and
the fractional linear (L) and circular (V ) degrees of polarization, respectively (see §C). We omit polarization data for FRBs
20200603B, 20200711F, 20210427A, 20210813A, and 20220413B, as we were unable to confidently constrain rotation measures
(RMs) due to spurious QU -fits. The bursts show a variety of complex morphologies, discussed in §3.
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Figure 1. The PA orthogonal jump of three FRB20201124A bursts. Panel (a) shows the degrees of linear and circular
polarization. Panel (b) shows the bin-to-bin di↵erence of the PA curve. The red error bars in the panel (c) represent the
measured PA swing of the three FRB bursts. The panel (d) shows the intensity of the three bursts in time and frequency.
For Burst #1 we show only the burst in a frequency range of 1000-1200MHz. For Burst #2 and Burst #3 we show the full
1000-1500MHz band. Using the outliers in the bin-to-bin di↵erence of PA (marked as red dots in panel (b)), we find the time
range in which the PA jumps occur, and mark them with the dotted vertical line in panel (a), (b) and (c).

Table 1. Information of PA jump bursts.

Number TOA (BC) 1 RM (rad m�2) DM (pc cm�3) Fluence (mJyms)

Burst#1 59314.337398370 -654.9 ± 0.8 413.5 ± 0.7 13554 ± 10

Burst#2 59485.808225740 -610.9 ± 0.4 410.2 ± 1.8 2588 ± 26

Burst#3 59485.819949776 -565.1 ± 2.6 411.8 ± 3.7 1698 ± 22
1
Barycentrical arrival time at 1500 MHz.

fluence values are listed in Table 1. The DM was determined based on the most prominent structure, and the fitted
sigma was adopted as the DM error.
For comparison, We also presented the single-pulse and integrated polarization profiles from the pulsars PSR

J1136+1551 (B1133+16) and PSR J0358+5413 (B0355+54) in Figure 4. We folded the pulsars using the ephemerides
obtained from the PSRCAT

3 and obtained their integrated profiles. The rotation measure of PSR J1136+1551 is RM
= 7.26 ± 0.02 rad m�2 and that of PSR J0358+5413 is RM = 82.257 ± 0.002 rad m�2.
To determine the time range of the PA jump of the FRB, we calculate the PA di↵erence between adjacent time bins

with the times bins in the PA curve uniformly sampled. When a jump occurs, the bin-to-bin di↵erence of the PA curve
becomes significantly larger. We take all the points where the discrete di↵erence is greater than 1 � of the baseline
fluctuation to determine the jump range. After the jump range is determined, the mean values of PA before and after

3
https://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 1: Polarimetric results of a selected sample of bursts with high degrees of circular polarization
or abrupt jumps in linear polarization polarization angle. For each burst, we plot a) position angle,
b) degree of linear (red), circular (blue) and total polarization (green) as a function of burst time, c)
burst profile of total intensity (black), linearly polarization (red), and circular polarization (blue), and
d) dynamic spectra of the bursts, i.e. intensity as function of time and frequency. The grey shades
denote the removed frequency channels affected by RFI and the 20 MHz band edges, and the blue
shades denote the frequency channels where the burst signal appears. Here, the frequency resolution
of spectra is 1.95 MHz per channel, and the time resolution of the light curves and spectra is 196 `s
per sample. Errorbars are for 68% confidence level. Bursts are de-dispersed with the daily average
DM value published previously [32], which are 412.5 pc cm

�3 for Bursts 123, 266 and 269, and
411.6 pc cm

�3 for other bursts in this figure. Bursts 298, 299 and 300 are plotted in the same panel as
they are very close in time.
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Figure 15. Same as Figure 14
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Figure 14. Dynamic spectra of the Parkes-detected repeat bursts B15 and
B16 from FRB 20180301A source across the entire UWL band (frequency
resolution = 13 MHz, time resolution = 256µs for B15 and 64µs for B16).
Both bursts were detected in a single observing session with their time of
arrival separated by 50 min. The data have been dedispersed to the DM of
516.5 and 516.6 pc cm�3 respectively. The dynamic spectra are normalized,
and intensity values are saturated at the fifth percentile.

sources exhibiting larger temporal widths and narrower spectral ex-
tents (Keane et al. 2016; Pleunis et al. 2021b; CHIME/FRB Collabo-
ration et al. 2023). However, it is possible that such studies are biased
by instrumental limitations, resulting in the inference of a statistical
dichotomy in the limited frequency bandwidth of the radio telescopes.
Several distinction criteria have been proposed previously to distin-
guish repeating FRBs from the overall population. Examples of such
criteria include a constant PA across the pulse profile, a high degree
of LP and the absence of CP in the radio signal. However, extensive
monitoring campaigns have revealed properties that challenge these
criteria (Luo et al. 2020; Kumar et al. 2022; Xu et al. 2022). While
a broad classification based on polarization properties does not con-
clusively support a clear dichotomy between repeating FRB sources
those which do not repeat, attributes such as a constant PA or the
absence of CP tend to manifest more frequently in repeating FRBs.
As such, these properties can still be indicative, particularly when
considering ensemble of sources together. A comprehensive analysis
of burst properties across different radio frequencies may provide
more definitive evidence of differences among the FRB population.

The contrast in burst properties between the Parkes-detected repeat
bursts B15 and B16 from the FRB 20180301A source is striking.
These two bursts, separated by⇠50 mins with no other bursts detected
during the entire 2.5-hr observing session, provide a clear example
of the diversity within the repeating FRB population. The dynamic
spectra of both UWL bursts are shown in Fig. 14. Both bursts are
morphologically distinct. Burst B15 is a canonical repeat pulse with
standard morphological features such as multiple components and
downward sub-pulse drifting. In contrast, burst B16 has a remarkably
narrow temporal envelope⇠ 100µs with steep spectral cutoffs on both

edges. Moreover, while no detectable polarization signal is present
in burst B15, B16 exhibits 80 percent linear polarization. We also
find that the subsequent bursts are polarized, prompting an intriguing
question: did the emission mechanism switch or change after burst
B15? These two bursts serve as prime examples illustrating how the
emission from repeating FRBs can exhibit distinct spectral, temporal
and polarimetric properties over a time scale of .1 hr.

The distinct frequency regimes of both bursts also raise the ques-
tion of whether we might have missed other FRBs due to the narrow
bandwidth of observing radio telescopes. This bias can significantly
impact the calculation of true FRB detection rate. Since the spectral
characteristics of FRBs can vary significantly from burst to burst,
band-limited telescope observations may overlook bursts that have
different spectral properties than those detected within the observing
band. This could lead to a bias in the measured burst properties and a
limited understanding of the physical mechanisms driving FRB emis-
sion. Our UWL observations highlight the importance of monitoring
FRBs over long timescales and across broad range of frequencies to
capture the full range of their variability.

Furthermore, our sample contains three bursts (B37–B39) that
exhibit spectral extents in the range of 0.7–1.0 GHz. This finding
demonstrates that, like polarization discriminators, the spectral ex-
tent is also an imperfect indicator of the repeating nature of FRBs.
Due to the limited bandwidth of radio telescopes, it is often impossi-
ble to determine whether a detected signal spanning the telescope’s
bandwidth should be classified as a narrow-band or broad-band pulse.
Moreover, the FRB spectral “bandedness” is not a precisely defined
parameter, and there is no consensus on a standardized definition
(Aggarwal 2021). When calculating FRB energetics, it is often as-
sumed (as for Galactic radio pulsars) that the spectral extent of the
received signal should have �a ⇠ a (Zhang 2023). However, �a/a
exhibit a wide range of values (0.05–0.82) for the bursts from the
FRB 20180301A source. The fact that these three repeat bursts were
detected in the same observing session and exhibit unusual broad-
band spectral extents also raises the possibility of a modification in
the underlying emission mechanism.

5 CONCLUSIONS

The origin of overall FRB emission remains elusive. Repeating FRBs
allows us to study the burst features in detail not possible with the
apparent non-repeating ones. These repeating FRB sources exhibit
a wide range of burst activity rates, reflecting the complexity and
variability of these sources and much focus have been on the active
repeating ones lately. Great diversity in the burst properties of re-
peating FRBs is emerging with dedicated long-term sensitive obser-
vations. The UWL instrument on the Parkes radio telescope provides
a great opportunity to reveal wide-band nature of FRB emission in
detail in regards to the signal spectrum and polarization.

Over a monitoring period of two and a half years, we have de-
tected 46 bursts from the source of FRB 20180301A. Our analysis
shows significant Faraday RM variation with a sign reversal in the
bursts. We also observed strong evidence of spectral depolarization
at low frequencies (< 1.2 GHz). Furthermore, we have discovered
a secular evolution in the observed DM, with a variation rate of
�2.7 ± 0.2 pc cm�3 yr�1. Notably, we detected repeat bursts with
extremely narrow temporal widths of ⇠ 100µs and unusually wide-
band spectral envelopes of ⇠1 GHz, which suggests the presence of
a sub-population of such bursts. The observed Faraday RM vari-
ation, spectral depolarization, and secular DM evolution provide
important clues for understanding the FRB emission mechanisms

MNRAS 000, 1–21 (2022)
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Figure 2 Faraday rotation in the bursts. a and b: variations of the Stokes Q and U
parameters with frequency, normalized by the total linear polarization (L =

p
Q2 + U2),

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

of the bursts presented here. In Section 4.1, we discuss the
burst spectra. In Section 4.2, we discuss the distributions of
burst energies and wait times. Finally, we show how our
findings can inform the research community’s search strategy
for new FRB sources and repeat bursts in Section 4.3.

4.1. Burst Spectra

In Section 2 we outlined our burst search method, which
included manual candidate classification. Notably, many of the
bursts presented in this study were initially placed in either the

“maybe real” category or RFI; FRBs were not known to be
narrowband at the time of the search. The burst candidates were
later promoted to “definitely real” after more careful con-
sideration of the candidates as a whole and in particular their
recurrence.
In an attempt to understand this subset of bursts in the

context of other FRB121102 bursts, we compare to the multi-
component bursts presented in Hessels et al. (2018; see
Figure 7). The bursts presented in Hessels et al. (2018) were
chosen strictly for their high S/N. The sub-bursts contained
in the full multi-component burst envelope emit with a

Figure 1. (Continued.)
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Table 3. Time scales of FRB 20181112A and FRB 20210912A

Sub-burst FRB

20181112A 20210912A

FWHM (µs) A 37±2 66±2
B 120±6 204±3

Peak separation 0.809±0.063 1.27±0.11
(�T/ms)
Relative width A 0.046±0.003 0.052±0.005
(FWHM/T) B 0.148±0.007 0.16±0.01
Width ratio (A/B) 0.31±0.02 0.32±0.01

in Figure 5. However, no (statistically) significant temporal
variation of [= @(V/I)/@�2] is observed for FRB 20181112A,
although we can not rule out such a variation as the measure-
ments are of low (. 2�) significance. The relatively lower S/N
of Stokes V (compared to FRB 20210912A), due to a com-
bination of relative faintness and a lower degree of circular
polarization, do not allow more accurate measurement of the
temporal variation of  in FRB 20181112A.

4.3. Polarization Profiles

As mentioned earlier, the polarization time profiles were
obtained by averaging the dynamic spectra over the frequency
band, after correcting for the average RM. For both FRB
20210912A and FRB 20181112A, the fractional linear and cir-
cular polarization vary across the sub-bursts, as seen in Fig-
ures 3 and 6; fractional circular polarization shows weak fre-
quency dependence (see Figures A5 and A9).

FRB 20181112A exhibits PA evolution across its primary
sub-burst (A) similar to that of FRB 20210912A, as shown in
Figure 6. The fastest rate of PA variation occurs near the peak
of the sub-burst, as is observed for FRB 20210912A (see Ap-
pendix D for details). However, the lack of sufficient S/N does
not allow probing the temporal variation of the PA across the
secondary sub-burst (B) of FRB 20181112A.

5. Possible Interpretation

Several pieces of circumstantial evidence suggest that the
progenitors of at least some FRBs are likely to be compact
objects, possibly neutron stars (e.g. Petroff et al. 2022; Farah
et al. 2018; Luo et al. 2020). The observed properties of FRB
20210912A and FRB 20181112A exhibit features qualitatively
similar to those observed in Galactic pulsars — including high
polarization fraction, intra-burst variation of fractional linear
and circular polarization, variation of the position angle (PA)
of linear polarization, short timescale appparent RM variation
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Figure 4. Scaled burst profiles of FRB 20181112A and FRB

20210912A. The frequency-averaged Stokes-I (total intensity) pro-
files of FRB 20210912A (blue) and FRB 20181112A (red) are plotted
against time normalized by the separation between the two sub-bursts
(�T) for each FRB, at a time resolution of ⇡ 9.5µs. Flux densities
are normalized by the peak of the profile.

(e.g. Mitra et al. 2023; Smits et al. 2006; Yan et al. 2011; Dai
et al. 2015; Noutsos et al. 2009) — supporting a neutron-star
origin of these two events. Based on these qualitative similari-
ties with the Galactic pulsars, here we propose a possible inter-
pretation for the observed properties of FRB 20210912A and
its striking similarities with FRB 20181112A. However, we
acknowledge that alternate interpretations of the observations
remain possible and may lead to completely different conclu-
sions about the progenitor of these two FRBs.

5.1. Short Timescale RM Variation

As shown in Figuress 1, 2 and 5, sub-bursts of both FRB
20210912A and FRB 20181112A show significantly different
RMs, while the observed RM is also found to vary across in-
dividual sub-bursts at timescales of ⇠ 10 µs. The observed
variation of RM is unlikely to be associated with changes in
the degree of Faraday rotation in the inter-stellar or the inter-
galactic plasma, as magneto-ionic properties of these media are
not expected to change on such short time scales.

Previous studies on RM variation in Galactic pulsars sug-
gest that such short timescale ‘apparent’ RM variation may
arise from scatter broadening of the pulse due to propagation
through inhomogeneous and turbulent media, incoherent addi-
tion of quasi-orthogonally polarized emission modes with dif-
ferent spectral behaviour, or magnetospheric/generalized Fara-
day effects (e.g. Dai et al. 2015; Noutsos et al. 2009, 2015; Ra-
machandran et al. 2004; Ilie et al. 2019). We reiterate that in all
these cases, the wavelength dependence of PA is not governed

Twins

Bera et al. 2024
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Figure 1. Comparisons between bursts at intensity data resolution of 0.983 ms (Left) and their corresponding representations at
baseband resolution (Right). Each subfigure depicts the burst’s intensity as a function of time in the top panel, with our best-fit
model represented by a red line. Below this, the burst’s dynamic spectrum is displayed alongside the frequency distribution of
power, with the best-fit spectrum denoted by an orange line. In the top left corner of each time series panel is the Transient
Name Server (TNS) name, and in the top right corner is the DM to which it has been dedispersed. For baseband bursts, the
time resolution is also indicated. For the top burst, we see its narrowband nature attributed to secondary beam e↵ects, and its
lack of scattering due to limited time resolution in intensity data, both of which are resolved in baseband data. For the bottom
burst, we again observe the resolution of narrowband characteristics, along with the identification of 6 components, rendering
the burst more complex. White dashed lines show the extent of emitting bandwidth. The number of channels is 128.

Sand et al. 2025
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).

26 Hessels et al.

Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 3: Burst properties against phase. FRB 180916.J0158+65 bursts folded at the
16.35-day period with MJD 58369.18 referenced as phase 0. The 1.7 GHz EVN detection
are in green. a: Fluence versus phase. Purple arrows indicate lower bounds derived from
CHIME detections; orange lines are the fluence threshold for 1 ms bursts for the search in
the 1.4 GHz Effelsberg data. Error bars on the CHIME detections represent the average
fluence uncertainty estimated from known point source transits. b: DM versus phase, with
1� error bars. DMs derived from high-resolution baseband data from CHIME/FRB are in
red. DMs from CHIME/FRB intensity data are in black; these are subject to potential bi-
ases (see Methods). Data points with larger errors are assigned with higher transparency.
c: Number of bursts at each phase. d: Relative exposure time of different phase bins to
FRB 180916.J0158+65 within the FWHM of the CHIME synthesized beams at 600 MHz.
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5

Figure 1. Dynamic spectra for the 12 bursts reported on in this work. In each panel, the bottom sub-panel shows signal
intensity as a function of time and frequency. The second sub-panel from the bottom shows the frequency-integrated burst
profile (timeseries). Each burst has been coherently dedispersed to a DM measured by DM phase. 4-paneled figures: the upper
two sub-panels show the cumulative polarization position angle (PA) in degrees relative to a zero-mean (PA � hPAi) and
the fractional linear (L) and circular (V ) degrees of polarization, respectively (see §C). We omit polarization data for FRBs
20200603B, 20200711F, 20210427A, 20210813A, and 20220413B, as we were unable to confidently constrain rotation measures
(RMs) due to spurious QU -fits. The bursts show a variety of complex morphologies, discussed in §3.

Faber et al. 2024

Periodic

Complex variability

PA swing

3

Figure 1. The PA orthogonal jump of three FRB20201124A bursts. Panel (a) shows the degrees of linear and circular
polarization. Panel (b) shows the bin-to-bin di↵erence of the PA curve. The red error bars in the panel (c) represent the
measured PA swing of the three FRB bursts. The panel (d) shows the intensity of the three bursts in time and frequency.
For Burst #1 we show only the burst in a frequency range of 1000-1200MHz. For Burst #2 and Burst #3 we show the full
1000-1500MHz band. Using the outliers in the bin-to-bin di↵erence of PA (marked as red dots in panel (b)), we find the time
range in which the PA jumps occur, and mark them with the dotted vertical line in panel (a), (b) and (c).

Table 1. Information of PA jump bursts.

Number TOA (BC) 1 RM (rad m�2) DM (pc cm�3) Fluence (mJyms)

Burst#1 59314.337398370 -654.9 ± 0.8 413.5 ± 0.7 13554 ± 10

Burst#2 59485.808225740 -610.9 ± 0.4 410.2 ± 1.8 2588 ± 26

Burst#3 59485.819949776 -565.1 ± 2.6 411.8 ± 3.7 1698 ± 22
1
Barycentrical arrival time at 1500 MHz.

fluence values are listed in Table 1. The DM was determined based on the most prominent structure, and the fitted
sigma was adopted as the DM error.
For comparison, We also presented the single-pulse and integrated polarization profiles from the pulsars PSR

J1136+1551 (B1133+16) and PSR J0358+5413 (B0355+54) in Figure 4. We folded the pulsars using the ephemerides
obtained from the PSRCAT

3 and obtained their integrated profiles. The rotation measure of PSR J1136+1551 is RM
= 7.26 ± 0.02 rad m�2 and that of PSR J0358+5413 is RM = 82.257 ± 0.002 rad m�2.
To determine the time range of the PA jump of the FRB, we calculate the PA di↵erence between adjacent time bins

with the times bins in the PA curve uniformly sampled. When a jump occurs, the bin-to-bin di↵erence of the PA curve
becomes significantly larger. We take all the points where the discrete di↵erence is greater than 1 � of the baseline
fluctuation to determine the jump range. After the jump range is determined, the mean values of PA before and after

3
https://www.atnf.csiro.au/research/pulsar/psrcat/
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Figure 1: Polarimetric results of a selected sample of bursts with high degrees of circular polarization
or abrupt jumps in linear polarization polarization angle. For each burst, we plot a) position angle,
b) degree of linear (red), circular (blue) and total polarization (green) as a function of burst time, c)
burst profile of total intensity (black), linearly polarization (red), and circular polarization (blue), and
d) dynamic spectra of the bursts, i.e. intensity as function of time and frequency. The grey shades
denote the removed frequency channels affected by RFI and the 20 MHz band edges, and the blue
shades denote the frequency channels where the burst signal appears. Here, the frequency resolution
of spectra is 1.95 MHz per channel, and the time resolution of the light curves and spectra is 196 `s
per sample. Errorbars are for 68% confidence level. Bursts are de-dispersed with the daily average
DM value published previously [32], which are 412.5 pc cm

�3 for Bursts 123, 266 and 269, and
411.6 pc cm

�3 for other bursts in this figure. Bursts 298, 299 and 300 are plotted in the same panel as
they are very close in time.

Page 6 of 19

Circularly polarized

48 Sherman et al.

FRB 20220424E
(Davina)

FRB 20220418A
(Quincy)

FRB 20220506D
(Oran)

FRB 20220509G
(Jackie)

FRB 20220726A
(Gertrude)

FRB 20220801A
(Augustine)

FRB 20220825A
(Ansel)

FRB 20220831A
(Ada)

Figure 15. Same as Figure 14

Linearly polarized

Sherman et al. 2024


Repetitions of FRB 20180301A 19

0 10 20 30
Time (ms)

1000

1500

2000

2500

3000

3500

4000

Fr
eq

ue
nc

y
(M

H
z)

B15

�3 �2 �1 0 1 2
Time (ms)

B16

Figure 14. Dynamic spectra of the Parkes-detected repeat bursts B15 and
B16 from FRB 20180301A source across the entire UWL band (frequency
resolution = 13 MHz, time resolution = 256µs for B15 and 64µs for B16).
Both bursts were detected in a single observing session with their time of
arrival separated by 50 min. The data have been dedispersed to the DM of
516.5 and 516.6 pc cm�3 respectively. The dynamic spectra are normalized,
and intensity values are saturated at the fifth percentile.

sources exhibiting larger temporal widths and narrower spectral ex-
tents (Keane et al. 2016; Pleunis et al. 2021b; CHIME/FRB Collabo-
ration et al. 2023). However, it is possible that such studies are biased
by instrumental limitations, resulting in the inference of a statistical
dichotomy in the limited frequency bandwidth of the radio telescopes.
Several distinction criteria have been proposed previously to distin-
guish repeating FRBs from the overall population. Examples of such
criteria include a constant PA across the pulse profile, a high degree
of LP and the absence of CP in the radio signal. However, extensive
monitoring campaigns have revealed properties that challenge these
criteria (Luo et al. 2020; Kumar et al. 2022; Xu et al. 2022). While
a broad classification based on polarization properties does not con-
clusively support a clear dichotomy between repeating FRB sources
those which do not repeat, attributes such as a constant PA or the
absence of CP tend to manifest more frequently in repeating FRBs.
As such, these properties can still be indicative, particularly when
considering ensemble of sources together. A comprehensive analysis
of burst properties across different radio frequencies may provide
more definitive evidence of differences among the FRB population.

The contrast in burst properties between the Parkes-detected repeat
bursts B15 and B16 from the FRB 20180301A source is striking.
These two bursts, separated by⇠50 mins with no other bursts detected
during the entire 2.5-hr observing session, provide a clear example
of the diversity within the repeating FRB population. The dynamic
spectra of both UWL bursts are shown in Fig. 14. Both bursts are
morphologically distinct. Burst B15 is a canonical repeat pulse with
standard morphological features such as multiple components and
downward sub-pulse drifting. In contrast, burst B16 has a remarkably
narrow temporal envelope⇠ 100µs with steep spectral cutoffs on both

edges. Moreover, while no detectable polarization signal is present
in burst B15, B16 exhibits 80 percent linear polarization. We also
find that the subsequent bursts are polarized, prompting an intriguing
question: did the emission mechanism switch or change after burst
B15? These two bursts serve as prime examples illustrating how the
emission from repeating FRBs can exhibit distinct spectral, temporal
and polarimetric properties over a time scale of .1 hr.

The distinct frequency regimes of both bursts also raise the ques-
tion of whether we might have missed other FRBs due to the narrow
bandwidth of observing radio telescopes. This bias can significantly
impact the calculation of true FRB detection rate. Since the spectral
characteristics of FRBs can vary significantly from burst to burst,
band-limited telescope observations may overlook bursts that have
different spectral properties than those detected within the observing
band. This could lead to a bias in the measured burst properties and a
limited understanding of the physical mechanisms driving FRB emis-
sion. Our UWL observations highlight the importance of monitoring
FRBs over long timescales and across broad range of frequencies to
capture the full range of their variability.

Furthermore, our sample contains three bursts (B37–B39) that
exhibit spectral extents in the range of 0.7–1.0 GHz. This finding
demonstrates that, like polarization discriminators, the spectral ex-
tent is also an imperfect indicator of the repeating nature of FRBs.
Due to the limited bandwidth of radio telescopes, it is often impossi-
ble to determine whether a detected signal spanning the telescope’s
bandwidth should be classified as a narrow-band or broad-band pulse.
Moreover, the FRB spectral “bandedness” is not a precisely defined
parameter, and there is no consensus on a standardized definition
(Aggarwal 2021). When calculating FRB energetics, it is often as-
sumed (as for Galactic radio pulsars) that the spectral extent of the
received signal should have �a ⇠ a (Zhang 2023). However, �a/a
exhibit a wide range of values (0.05–0.82) for the bursts from the
FRB 20180301A source. The fact that these three repeat bursts were
detected in the same observing session and exhibit unusual broad-
band spectral extents also raises the possibility of a modification in
the underlying emission mechanism.

5 CONCLUSIONS

The origin of overall FRB emission remains elusive. Repeating FRBs
allows us to study the burst features in detail not possible with the
apparent non-repeating ones. These repeating FRB sources exhibit
a wide range of burst activity rates, reflecting the complexity and
variability of these sources and much focus have been on the active
repeating ones lately. Great diversity in the burst properties of re-
peating FRBs is emerging with dedicated long-term sensitive obser-
vations. The UWL instrument on the Parkes radio telescope provides
a great opportunity to reveal wide-band nature of FRB emission in
detail in regards to the signal spectrum and polarization.

Over a monitoring period of two and a half years, we have de-
tected 46 bursts from the source of FRB 20180301A. Our analysis
shows significant Faraday RM variation with a sign reversal in the
bursts. We also observed strong evidence of spectral depolarization
at low frequencies (< 1.2 GHz). Furthermore, we have discovered
a secular evolution in the observed DM, with a variation rate of
�2.7 ± 0.2 pc cm�3 yr�1. Notably, we detected repeat bursts with
extremely narrow temporal widths of ⇠ 100µs and unusually wide-
band spectral envelopes of ⇠1 GHz, which suggests the presence of
a sub-population of such bursts. The observed Faraday RM vari-
ation, spectral depolarization, and secular DM evolution provide
important clues for understanding the FRB emission mechanisms

MNRAS 000, 1–21 (2022)
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Figure 2 Faraday rotation in the bursts. a and b: variations of the Stokes Q and U
parameters with frequency, normalized by the total linear polarization (L =

p
Q2 + U2),

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

of the bursts presented here. In Section 4.1, we discuss the
burst spectra. In Section 4.2, we discuss the distributions of
burst energies and wait times. Finally, we show how our
findings can inform the research community’s search strategy
for new FRB sources and repeat bursts in Section 4.3.

4.1. Burst Spectra

In Section 2 we outlined our burst search method, which
included manual candidate classification. Notably, many of the
bursts presented in this study were initially placed in either the

“maybe real” category or RFI; FRBs were not known to be
narrowband at the time of the search. The burst candidates were
later promoted to “definitely real” after more careful con-
sideration of the candidates as a whole and in particular their
recurrence.
In an attempt to understand this subset of bursts in the

context of other FRB121102 bursts, we compare to the multi-
component bursts presented in Hessels et al. (2018; see
Figure 7). The bursts presented in Hessels et al. (2018) were
chosen strictly for their high S/N. The sub-bursts contained
in the full multi-component burst envelope emit with a

Figure 1. (Continued.)
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Table 3. Time scales of FRB 20181112A and FRB 20210912A

Sub-burst FRB

20181112A 20210912A

FWHM (µs) A 37±2 66±2
B 120±6 204±3

Peak separation 0.809±0.063 1.27±0.11
(�T/ms)
Relative width A 0.046±0.003 0.052±0.005
(FWHM/T) B 0.148±0.007 0.16±0.01
Width ratio (A/B) 0.31±0.02 0.32±0.01

in Figure 5. However, no (statistically) significant temporal
variation of [= @(V/I)/@�2] is observed for FRB 20181112A,
although we can not rule out such a variation as the measure-
ments are of low (. 2�) significance. The relatively lower S/N
of Stokes V (compared to FRB 20210912A), due to a com-
bination of relative faintness and a lower degree of circular
polarization, do not allow more accurate measurement of the
temporal variation of  in FRB 20181112A.

4.3. Polarization Profiles

As mentioned earlier, the polarization time profiles were
obtained by averaging the dynamic spectra over the frequency
band, after correcting for the average RM. For both FRB
20210912A and FRB 20181112A, the fractional linear and cir-
cular polarization vary across the sub-bursts, as seen in Fig-
ures 3 and 6; fractional circular polarization shows weak fre-
quency dependence (see Figures A5 and A9).

FRB 20181112A exhibits PA evolution across its primary
sub-burst (A) similar to that of FRB 20210912A, as shown in
Figure 6. The fastest rate of PA variation occurs near the peak
of the sub-burst, as is observed for FRB 20210912A (see Ap-
pendix D for details). However, the lack of sufficient S/N does
not allow probing the temporal variation of the PA across the
secondary sub-burst (B) of FRB 20181112A.

5. Possible Interpretation

Several pieces of circumstantial evidence suggest that the
progenitors of at least some FRBs are likely to be compact
objects, possibly neutron stars (e.g. Petroff et al. 2022; Farah
et al. 2018; Luo et al. 2020). The observed properties of FRB
20210912A and FRB 20181112A exhibit features qualitatively
similar to those observed in Galactic pulsars — including high
polarization fraction, intra-burst variation of fractional linear
and circular polarization, variation of the position angle (PA)
of linear polarization, short timescale appparent RM variation
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Figure 4. Scaled burst profiles of FRB 20181112A and FRB

20210912A. The frequency-averaged Stokes-I (total intensity) pro-
files of FRB 20210912A (blue) and FRB 20181112A (red) are plotted
against time normalized by the separation between the two sub-bursts
(�T) for each FRB, at a time resolution of ⇡ 9.5µs. Flux densities
are normalized by the peak of the profile.

(e.g. Mitra et al. 2023; Smits et al. 2006; Yan et al. 2011; Dai
et al. 2015; Noutsos et al. 2009) — supporting a neutron-star
origin of these two events. Based on these qualitative similari-
ties with the Galactic pulsars, here we propose a possible inter-
pretation for the observed properties of FRB 20210912A and
its striking similarities with FRB 20181112A. However, we
acknowledge that alternate interpretations of the observations
remain possible and may lead to completely different conclu-
sions about the progenitor of these two FRBs.

5.1. Short Timescale RM Variation

As shown in Figuress 1, 2 and 5, sub-bursts of both FRB
20210912A and FRB 20181112A show significantly different
RMs, while the observed RM is also found to vary across in-
dividual sub-bursts at timescales of ⇠ 10 µs. The observed
variation of RM is unlikely to be associated with changes in
the degree of Faraday rotation in the inter-stellar or the inter-
galactic plasma, as magneto-ionic properties of these media are
not expected to change on such short time scales.

Previous studies on RM variation in Galactic pulsars sug-
gest that such short timescale ‘apparent’ RM variation may
arise from scatter broadening of the pulse due to propagation
through inhomogeneous and turbulent media, incoherent addi-
tion of quasi-orthogonally polarized emission modes with dif-
ferent spectral behaviour, or magnetospheric/generalized Fara-
day effects (e.g. Dai et al. 2015; Noutsos et al. 2009, 2015; Ra-
machandran et al. 2004; Ilie et al. 2019). We reiterate that in all
these cases, the wavelength dependence of PA is not governed

Twins
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Figure 1. Comparisons between bursts at intensity data resolution of 0.983 ms (Left) and their corresponding representations at
baseband resolution (Right). Each subfigure depicts the burst’s intensity as a function of time in the top panel, with our best-fit
model represented by a red line. Below this, the burst’s dynamic spectrum is displayed alongside the frequency distribution of
power, with the best-fit spectrum denoted by an orange line. In the top left corner of each time series panel is the Transient
Name Server (TNS) name, and in the top right corner is the DM to which it has been dedispersed. For baseband bursts, the
time resolution is also indicated. For the top burst, we see its narrowband nature attributed to secondary beam e↵ects, and its
lack of scattering due to limited time resolution in intensity data, both of which are resolved in baseband data. For the bottom
burst, we again observe the resolution of narrowband characteristics, along with the identification of 6 components, rendering
the burst more complex. White dashed lines show the extent of emitting bandwidth. The number of channels is 128.
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Figure 3. HST observations of FRB20180916B’s host galaxy. The 6000⇥ 6000 F110W image (top, left) shows the full image
of SDSS J015800.28+654253.0 and its surroundings. The dashed black box denotes the 500⇥ 500 region shown in the zoomed-in
images: F110W (top, right), F673N (bottom, left; H↵-on), and F657N (bottom, right; H↵-o↵). The position of the FRB source,
including the astrometric uncertainties in its localization and radio-to-optical frame transfer, is shown by the green ellipse at the
center of each zoomed-in figure (pointed to by the green arrow). The blue bar indicates the angular scale corresponding to 1 kpc
at the distance of SDSS J015800.28+654253.0. The F110W zoomed-in image is annotated to show the ‘V’-shaped structure
and the 0.00355 separation between FRB20180916B and the center of the nearest H↵ blob. The F673N and F657N images are
overplotted with F110W intensity contours to guide the eye. The color scale of each image is inverted.

Marcote, Nimmo et al. 2020

Tendulkar et al. 2021

High spatial resolution
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Article

specific rate23–25. We thus propose that FRB 20200120E is a magnetar 
formed via accretion-induced collapse (AIC)26 of a white dwarf (WD) 
or via merger-induced collapse (MIC) of a WD–WD, NS–WD or NS–NS 
binary27–29— systems that are common in globular clusters and, like 
FRB 20200120E, are found concentrated towards their core30 (Methods).  
The lack of a persistent radio or X-ray source at the position of 
FRB 20200120E is expected in an AIC/MIC scenario, as any emission 
generated during collapse fades on short time scales (less than 1 yr)7.

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

binary (LMXB)35, as would an accreting black hole. In such an LMXB 
model, the radio bursts could be generated via magnetic reconnec-
tion in a relativistic jet or where the jet shocks with the surrounding 
medium and creates a synchrotron maser36. Except for the most lumi-
nous LMXBs (LX ≈ 1038 erg s−1), our observations cannot rule out such 
systems. However, none of the approximately 200 Galactic LMXBs 
has been seen to generate FRBs. In some cases, ultraluminous X-ray 
sources37 have been shown to be NSs accreting at hyper-Eddington 
rates38, although some may be systems with a more massive black hole 
primary39. We note that ultraluminous X-ray sources have been associ-
ated with extragalactic globular clusters40, but such systems are ruled 
out by our X-ray limit unless their luminosity varies in time by more than 
two orders of magnitude. Additionally, the association with a globular 
cluster rules out a high-mass X-ray binary origin of FRB 20200120E 
and the projected offset of appoximately 2 pc from the centre of light 
of [PR95] 30244 excludes the association of FRB 20200120E with, for 

9 h 57 m 58 s 56 s 54 s 52 s

68° 49′ 20′′

10′′

00′′

48′ 50′′

RA (J2000)

D
ec

. (
J2

00
0)

a

9 h 57 m 54.9 s 54.8 s 54.7 s 54.6 s 54.5 s

68° 49′ 01.5′′

01.0′′

00.5′′

00.0′′

RA (J2000)

D
ec

. (
J2

00
0)

b

c

d

Fig. 3 | Optical images of the FRB 20200120E host and surrounding field.  
a, 40″ × 40″ g′-, r′- and i′-band image of [PR95] 30244 acquired with Hyper 
Suprime-cam. The small red ellipse is centred at the location of 
FRB 20200120E. b, Magnified r′-band image of [PR95] 30244. The grey circle 
represents the estimated position of the centre of [PR95] 30244 and its 3σ 
uncertainty (dominated by the optical-to-radio reference frame tying). The 

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

the three panels. We clip all values below zero and above 60 µJy beam−1 (EVN), 
50 µJy beam−1 (Realfast) and 3 mJy beam−1 (VLITE) for visualization purposes. 
The black ellipse in the bottom left corner of each image indicates the 
synthesized beam size and position angle.
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Figure 3. HST observations of FRB20180916B’s host galaxy. The 6000⇥ 6000 F110W image (top, left) shows the full image
of SDSS J015800.28+654253.0 and its surroundings. The dashed black box denotes the 500⇥ 500 region shown in the zoomed-in
images: F110W (top, right), F673N (bottom, left; H↵-on), and F657N (bottom, right; H↵-o↵). The position of the FRB source,
including the astrometric uncertainties in its localization and radio-to-optical frame transfer, is shown by the green ellipse at the
center of each zoomed-in figure (pointed to by the green arrow). The blue bar indicates the angular scale corresponding to 1 kpc
at the distance of SDSS J015800.28+654253.0. The F110W zoomed-in image is annotated to show the ‘V’-shaped structure
and the 0.00355 separation between FRB20180916B and the center of the nearest H↵ blob. The F673N and F657N images are
overplotted with F110W intensity contours to guide the eye. The color scale of each image is inverted.

Marcote, Nimmo et al. 2020

Tendulkar et al. 2021

High spatial resolution

588 | Nature | Vol 602 | 24 February 2022

Article

specific rate23–25. We thus propose that FRB 20200120E is a magnetar 
formed via accretion-induced collapse (AIC)26 of a white dwarf (WD) 
or via merger-induced collapse (MIC) of a WD–WD, NS–WD or NS–NS 
binary27–29— systems that are common in globular clusters and, like 
FRB 20200120E, are found concentrated towards their core30 (Methods).  
The lack of a persistent radio or X-ray source at the position of 
FRB 20200120E is expected in an AIC/MIC scenario, as any emission 
generated during collapse fades on short time scales (less than 1 yr)7.

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

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

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

the three panels. We clip all values below zero and above 60 µJy beam−1 (EVN), 
50 µJy beam−1 (Realfast) and 3 mJy beam−1 (VLITE) for visualization purposes. 
The black ellipse in the bottom left corner of each image indicates the 
synthesized beam size and position angle.
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Figure 3. HST observations of FRB20180916B’s host galaxy. The 6000⇥ 6000 F110W image (top, left) shows the full image
of SDSS J015800.28+654253.0 and its surroundings. The dashed black box denotes the 500⇥ 500 region shown in the zoomed-in
images: F110W (top, right), F673N (bottom, left; H↵-on), and F657N (bottom, right; H↵-o↵). The position of the FRB source,
including the astrometric uncertainties in its localization and radio-to-optical frame transfer, is shown by the green ellipse at the
center of each zoomed-in figure (pointed to by the green arrow). The blue bar indicates the angular scale corresponding to 1 kpc
at the distance of SDSS J015800.28+654253.0. The F110W zoomed-in image is annotated to show the ‘V’-shaped structure
and the 0.00355 separation between FRB20180916B and the center of the nearest H↵ blob. The F673N and F657N images are
overplotted with F110W intensity contours to guide the eye. The color scale of each image is inverted.
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specific rate23–25. We thus propose that FRB 20200120E is a magnetar 
formed via accretion-induced collapse (AIC)26 of a white dwarf (WD) 
or via merger-induced collapse (MIC) of a WD–WD, NS–WD or NS–NS 
binary27–29— systems that are common in globular clusters and, like 
FRB 20200120E, are found concentrated towards their core30 (Methods).  
The lack of a persistent radio or X-ray source at the position of 
FRB 20200120E is expected in an AIC/MIC scenario, as any emission 
generated during collapse fades on short time scales (less than 1 yr)7.

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

binary (LMXB)35, as would an accreting black hole. In such an LMXB 
model, the radio bursts could be generated via magnetic reconnec-
tion in a relativistic jet or where the jet shocks with the surrounding 
medium and creates a synchrotron maser36. Except for the most lumi-
nous LMXBs (LX ≈ 1038 erg s−1), our observations cannot rule out such 
systems. However, none of the approximately 200 Galactic LMXBs 
has been seen to generate FRBs. In some cases, ultraluminous X-ray 
sources37 have been shown to be NSs accreting at hyper-Eddington 
rates38, although some may be systems with a more massive black hole 
primary39. We note that ultraluminous X-ray sources have been associ-
ated with extragalactic globular clusters40, but such systems are ruled 
out by our X-ray limit unless their luminosity varies in time by more than 
two orders of magnitude. Additionally, the association with a globular 
cluster rules out a high-mass X-ray binary origin of FRB 20200120E 
and the projected offset of appoximately 2 pc from the centre of light 
of [PR95] 30244 excludes the association of FRB 20200120E with, for 

9 h 57 m 58 s 56 s 54 s 52 s

68° 49′ 20′′

10′′

00′′

48′ 50′′

RA (J2000)

D
ec

. (
J2

00
0)

a

9 h 57 m 54.9 s 54.8 s 54.7 s 54.6 s 54.5 s

68° 49′ 01.5′′

01.0′′

00.5′′

00.0′′

RA (J2000)

D
ec

. (
J2

00
0)

b

c

d

Fig. 3 | Optical images of the FRB 20200120E host and surrounding field.  
a, 40″ × 40″ g′-, r′- and i′-band image of [PR95] 30244 acquired with Hyper 
Suprime-cam. The small red ellipse is centred at the location of 
FRB 20200120E. b, Magnified r′-band image of [PR95] 30244. The grey circle 
represents the estimated position of the centre of [PR95] 30244 and its 3σ 
uncertainty (dominated by the optical-to-radio reference frame tying). The 

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

the three panels. We clip all values below zero and above 60 µJy beam−1 (EVN), 
50 µJy beam−1 (Realfast) and 3 mJy beam−1 (VLITE) for visualization purposes. 
The black ellipse in the bottom left corner of each image indicates the 
synthesized beam size and position angle.
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Figure 3. HST observations of FRB20180916B’s host galaxy. The 6000⇥ 6000 F110W image (top, left) shows the full image
of SDSS J015800.28+654253.0 and its surroundings. The dashed black box denotes the 500⇥ 500 region shown in the zoomed-in
images: F110W (top, right), F673N (bottom, left; H↵-on), and F657N (bottom, right; H↵-o↵). The position of the FRB source,
including the astrometric uncertainties in its localization and radio-to-optical frame transfer, is shown by the green ellipse at the
center of each zoomed-in figure (pointed to by the green arrow). The blue bar indicates the angular scale corresponding to 1 kpc
at the distance of SDSS J015800.28+654253.0. The F110W zoomed-in image is annotated to show the ‘V’-shaped structure
and the 0.00355 separation between FRB20180916B and the center of the nearest H↵ blob. The F673N and F657N images are
overplotted with F110W intensity contours to guide the eye. The color scale of each image is inverted.
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specific rate23–25. We thus propose that FRB 20200120E is a magnetar 
formed via accretion-induced collapse (AIC)26 of a white dwarf (WD) 
or via merger-induced collapse (MIC) of a WD–WD, NS–WD or NS–NS 
binary27–29— systems that are common in globular clusters and, like 
FRB 20200120E, are found concentrated towards their core30 (Methods).  
The lack of a persistent radio or X-ray source at the position of 
FRB 20200120E is expected in an AIC/MIC scenario, as any emission 
generated during collapse fades on short time scales (less than 1 yr)7.

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

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

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

the three panels. We clip all values below zero and above 60 µJy beam−1 (EVN), 
50 µJy beam−1 (Realfast) and 3 mJy beam−1 (VLITE) for visualization purposes. 
The black ellipse in the bottom left corner of each image indicates the 
synthesized beam size and position angle.
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Figure 3. HST observations of FRB20180916B’s host galaxy. The 6000⇥ 6000 F110W image (top, left) shows the full image
of SDSS J015800.28+654253.0 and its surroundings. The dashed black box denotes the 500⇥ 500 region shown in the zoomed-in
images: F110W (top, right), F673N (bottom, left; H↵-on), and F657N (bottom, right; H↵-o↵). The position of the FRB source,
including the astrometric uncertainties in its localization and radio-to-optical frame transfer, is shown by the green ellipse at the
center of each zoomed-in figure (pointed to by the green arrow). The blue bar indicates the angular scale corresponding to 1 kpc
at the distance of SDSS J015800.28+654253.0. The F110W zoomed-in image is annotated to show the ‘V’-shaped structure
and the 0.00355 separation between FRB20180916B and the center of the nearest H↵ blob. The F673N and F657N images are
overplotted with F110W intensity contours to guide the eye. The color scale of each image is inverted.
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specific rate23–25. We thus propose that FRB 20200120E is a magnetar 
formed via accretion-induced collapse (AIC)26 of a white dwarf (WD) 
or via merger-induced collapse (MIC) of a WD–WD, NS–WD or NS–NS 
binary27–29— systems that are common in globular clusters and, like 
FRB 20200120E, are found concentrated towards their core30 (Methods).  
The lack of a persistent radio or X-ray source at the position of 
FRB 20200120E is expected in an AIC/MIC scenario, as any emission 
generated during collapse fades on short time scales (less than 1 yr)7.

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

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

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

the three panels. We clip all values below zero and above 60 µJy beam−1 (EVN), 
50 µJy beam−1 (Realfast) and 3 mJy beam−1 (VLITE) for visualization purposes. 
The black ellipse in the bottom left corner of each image indicates the 
synthesized beam size and position angle.
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The FRB emission mechanism
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Figure 2. Sketch of the model described in this paper. Left panel : Sudden magnetic energy dissipation heats up the NS surface and
generate e± pair fireball which is trapped by the closed field lines. X-rays are produced by the heated surface (red shaded region) and
then inverse Compton scattered by e± pairs (blue shaded region) in the magnetosphere to higher energies. The disturbance spreads
across the NS surface (green dashed circles) and launches Alfvén waves (shown as wiggles with exaggerated amplitude) which propagate
along magnetic field lines. Near the magnetic poles, Alfvén waves can reach distances much larger than the NS radius where the charge
density is too low to sustain the plasma current associated with the wave (marked by a teal dashed curve). This is because the plasma
density in the magnetosphere drops rapidly with the distance to the NS. As a result of charge starvation, a strong electric field parallel
to the background magnetic field develops, and charge clumps are accelerated to high Lorentz factors and coherently produce curvature
emission in the radio band (marked as orange cones). In this picture, the FRB emission is narrowly beamed into the region spanned
by the orange arrows, whereas the X-rays are visible from a large fraction of the sky. The double radio pulses seen in FRB 200428
are produced by two separate eruptions, which also enhances Comptonization and gives rise to the two hard X-ray peaks. Right panel :
Crustal deformations due to sudden magnetic energy release excite shear mode oscillations. The shear wave propagates along the crust,
and when it reaches the NS surface, a fraction of energy is transmitted into the magnetosphere as Alfvén waves and the rest is reflected
back into the crust. The FRB duration is given by shear wave propagation delay between di↵erent paths, tfrb ⇠ 1ms for typical wave
speed vs ⇠ 0.01c.

a number of di�culties explaining the available radio and
X-ray data for FRB 200428.

In this section, we focus on the generation of FRB ra-
diation in the magnetosphere of a magnetar. An additional
motivation for our consideration of this model is that at least
some FRBs show very rapid variability time as short as tens
of micro-seconds (Farah et al. 2018; Prochaska et al. 2019;
Cho et al. 2020), which corresponds to the light-crossing
time of a few km and suggests that the radiation might be
produced close to a neutron star2.

The basic scenario we suggest is that a disturbance em-

2 The transverse size of the source and the distance from the
compact object is larger when the radiation is produced in a rela-

anating from the NS surface spreads through the magneto-
sphere. The dissipation of the energy near the surface in the
closed field line region produces X-ray emission. The dis-
turbance propagating to distances much larger than the NS
radius, above the magnetic poles, is converted into coherent
radio waves (Fig. 2).

Let us first consider that the energy in the outburst
near the surface of the NS is carried by a beam of e±

pairs of isotropic equivalent luminosity Lb and Lorentz fac-
tor �b. The e± number density at distance R = 108R8 cm
from the NS in the beam comoving frame is given by

tivistic outflow moving toward the observer with a Lorentz factor
� by a factor � and �2 respectively (e.g., Katz 2019).
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Figure 1. Radial scales and physical processes surrounding a repeating FRB source as described in this paper. The central engine releases an ultra-relativistic
shell of energy E , duration �t . 1 ms, and radial width c�t, which collides with a mildly-relativistic magnetized ion-electron shell of velocity vw , baryon
density next / r�k , magnetization � ⇠ 0.1 � 1 and total width vw�T , as released following the previous major flare a time �T ago. The shell decelerates
through reverse and forward shocks (§2), the latter of which produces the observed coherent radio emission (fast radio burst) through the synchrotron maser
mechanism (§3; Fig. 2). The upstream magnetic field ÆB is wrapped in the toroidal direction perpendicular to the rotation axis ⌦ of the central engine, resulting
in linear polarization of the FRB emission along the direction of ⌦. The radio pulse is attenuated in the ion shell by induced Compton scattering at low
frequencies ⌫ < ⌫max (§3.1; eq. 47). As the blast wave decelerates, the decreasing Lorentz factor � of the shocked gas and the reduced scattering optical
depth of the upstream medium results in a downward drift of ⌫max over the duration of the observed burst (Fig. 4). The forward shock also heats electrons to
ultra-relativistic temperatures, powering (incoherent) synchrotron X-ray/gamma-ray emission, similar to a gamma-ray burst afterglow (§4; Fig. 8). On larger
scales, the train of ion shells from consecutive flares merges into a wind that feeds the nebula through a termination shock. Electrons injected at the termination
shock powers the persistent radio source and (after cooling) generates the large rotation measure of the bursts. Stochastic or secular variation in the burst DM
can also arise from the ion shell (on timescales of �T . days) or from photo-ionization of the supernova ejecta by the flare X-rays (on timescales of the source
age of years to decades).

Oppermann et al. (2018) found a mean repetition rate of
5.7+3.0

�2.0 bursts per day for FRB 121102, corresponding to an av-
erage interval �T ⇠ 10

4 s. The repetition pattern is non-Poissonian
(Oppermann et al. 2018), indicating that the bursts are often clus-
tered in time such that �T can be substantially shorter (e.g. 6 of
the 11 bursts from Spitler et al. (2016) were detected within a 10
minute period), with median intervals between flares of hundreds of
seconds (see also Katz 2018; Li et al. 2019 for detailed analysis).
However, weighted by radiated energy, the luminosity function of
FRB 121102 is dominated by the rare highest fluence bursts, which
take place at a rate . 1 day�1 (�T & 10

5 s; e.g. Nicholl et al.
2017; Law et al. 2017). The total energy available between each
strong flare is then

Etot ⇠ (EB?/tlife)�T ⇠ 10
45 � 10

46
erg. (1)

In our scenario, this energy is shared between at least one
"clean" initial ultra-relativistic �ej � 1, potentially highly-
magnetized � � 1 pulse of energy E at the beginning of the
flare responsible for the powering the FRB (Lyubarsky 2014; Be-
loborodov 2017) and a more prolonged phase of ion-loaded mass-
loss which emerges with a sub-relativistic velocity �w = vw/c . 1

and lower magnetization � . 1. The latter forms the upstream

medium into which the clean pulse from subsequent flares collides,
as well as feeds the nebula electrons to power the persistent radio
source and generate its high RM (Margalit & Metzger 2018).

While the physical mechanism, and thus the time-dependence,
of the ion mass loss is theoretically uncertain, for FRB 121102 the
time-averaged ion injection rate €M at the present epoch is con-
strained to be ⇠ 10

19 � 10
21 g s�1 (Margalit & Metzger 2018).

The kinetic energy carried by the ion ejecta of each major flare,

Ew ⇠ ( €Mv2
w/2)�T ⇠ 10

46
erg €M21�T5

✓
�w
0.5

◆2

, (2)

is therefore within the magnetar’s budget, ⇠ Etot (Margalit & Met-
zger 2018). Here and hereafter we employ the short-hand notation
qx = q/10

x in cgs units, e.g. €M21 = €M/(10
21 g s�1).

We consider two limits for the time-dependence of the ion-
electron wind. First, if the ions were to emerge from the magnetar
isotropically at a strictly constant rate, then the radial density profile
would be that of a steady wind,

next =
€M

4⇡vwr2mp
steady wind (k = 2). (3)

Perhaps more realistically, the ions are released in temporally-
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 2. Sketch of the model described in this paper. Left panel : Sudden magnetic energy dissipation heats up the NS surface and
generate e± pair fireball which is trapped by the closed field lines. X-rays are produced by the heated surface (red shaded region) and
then inverse Compton scattered by e± pairs (blue shaded region) in the magnetosphere to higher energies. The disturbance spreads
across the NS surface (green dashed circles) and launches Alfvén waves (shown as wiggles with exaggerated amplitude) which propagate
along magnetic field lines. Near the magnetic poles, Alfvén waves can reach distances much larger than the NS radius where the charge
density is too low to sustain the plasma current associated with the wave (marked by a teal dashed curve). This is because the plasma
density in the magnetosphere drops rapidly with the distance to the NS. As a result of charge starvation, a strong electric field parallel
to the background magnetic field develops, and charge clumps are accelerated to high Lorentz factors and coherently produce curvature
emission in the radio band (marked as orange cones). In this picture, the FRB emission is narrowly beamed into the region spanned
by the orange arrows, whereas the X-rays are visible from a large fraction of the sky. The double radio pulses seen in FRB 200428
are produced by two separate eruptions, which also enhances Comptonization and gives rise to the two hard X-ray peaks. Right panel :
Crustal deformations due to sudden magnetic energy release excite shear mode oscillations. The shear wave propagates along the crust,
and when it reaches the NS surface, a fraction of energy is transmitted into the magnetosphere as Alfvén waves and the rest is reflected
back into the crust. The FRB duration is given by shear wave propagation delay between di↵erent paths, tfrb ⇠ 1ms for typical wave
speed vs ⇠ 0.01c.

a number of di�culties explaining the available radio and
X-ray data for FRB 200428.

In this section, we focus on the generation of FRB ra-
diation in the magnetosphere of a magnetar. An additional
motivation for our consideration of this model is that at least
some FRBs show very rapid variability time as short as tens
of micro-seconds (Farah et al. 2018; Prochaska et al. 2019;
Cho et al. 2020), which corresponds to the light-crossing
time of a few km and suggests that the radiation might be
produced close to a neutron star2.

The basic scenario we suggest is that a disturbance em-

2 The transverse size of the source and the distance from the
compact object is larger when the radiation is produced in a rela-

anating from the NS surface spreads through the magneto-
sphere. The dissipation of the energy near the surface in the
closed field line region produces X-ray emission. The dis-
turbance propagating to distances much larger than the NS
radius, above the magnetic poles, is converted into coherent
radio waves (Fig. 2).

Let us first consider that the energy in the outburst
near the surface of the NS is carried by a beam of e±

pairs of isotropic equivalent luminosity Lb and Lorentz fac-
tor �b. The e± number density at distance R = 108R8 cm
from the NS in the beam comoving frame is given by

tivistic outflow moving toward the observer with a Lorentz factor
� by a factor � and �2 respectively (e.g., Katz 2019).
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Figure 1. Radial scales and physical processes surrounding a repeating FRB source as described in this paper. The central engine releases an ultra-relativistic
shell of energy E , duration �t . 1 ms, and radial width c�t, which collides with a mildly-relativistic magnetized ion-electron shell of velocity vw , baryon
density next / r�k , magnetization � ⇠ 0.1 � 1 and total width vw�T , as released following the previous major flare a time �T ago. The shell decelerates
through reverse and forward shocks (§2), the latter of which produces the observed coherent radio emission (fast radio burst) through the synchrotron maser
mechanism (§3; Fig. 2). The upstream magnetic field ÆB is wrapped in the toroidal direction perpendicular to the rotation axis ⌦ of the central engine, resulting
in linear polarization of the FRB emission along the direction of ⌦. The radio pulse is attenuated in the ion shell by induced Compton scattering at low
frequencies ⌫ < ⌫max (§3.1; eq. 47). As the blast wave decelerates, the decreasing Lorentz factor � of the shocked gas and the reduced scattering optical
depth of the upstream medium results in a downward drift of ⌫max over the duration of the observed burst (Fig. 4). The forward shock also heats electrons to
ultra-relativistic temperatures, powering (incoherent) synchrotron X-ray/gamma-ray emission, similar to a gamma-ray burst afterglow (§4; Fig. 8). On larger
scales, the train of ion shells from consecutive flares merges into a wind that feeds the nebula through a termination shock. Electrons injected at the termination
shock powers the persistent radio source and (after cooling) generates the large rotation measure of the bursts. Stochastic or secular variation in the burst DM
can also arise from the ion shell (on timescales of �T . days) or from photo-ionization of the supernova ejecta by the flare X-rays (on timescales of the source
age of years to decades).

Oppermann et al. (2018) found a mean repetition rate of
5.7+3.0

�2.0 bursts per day for FRB 121102, corresponding to an av-
erage interval �T ⇠ 10

4 s. The repetition pattern is non-Poissonian
(Oppermann et al. 2018), indicating that the bursts are often clus-
tered in time such that �T can be substantially shorter (e.g. 6 of
the 11 bursts from Spitler et al. (2016) were detected within a 10
minute period), with median intervals between flares of hundreds of
seconds (see also Katz 2018; Li et al. 2019 for detailed analysis).
However, weighted by radiated energy, the luminosity function of
FRB 121102 is dominated by the rare highest fluence bursts, which
take place at a rate . 1 day�1 (�T & 10

5 s; e.g. Nicholl et al.
2017; Law et al. 2017). The total energy available between each
strong flare is then

Etot ⇠ (EB?/tlife)�T ⇠ 10
45 � 10

46
erg. (1)

In our scenario, this energy is shared between at least one
"clean" initial ultra-relativistic �ej � 1, potentially highly-
magnetized � � 1 pulse of energy E at the beginning of the
flare responsible for the powering the FRB (Lyubarsky 2014; Be-
loborodov 2017) and a more prolonged phase of ion-loaded mass-
loss which emerges with a sub-relativistic velocity �w = vw/c . 1

and lower magnetization � . 1. The latter forms the upstream

medium into which the clean pulse from subsequent flares collides,
as well as feeds the nebula electrons to power the persistent radio
source and generate its high RM (Margalit & Metzger 2018).

While the physical mechanism, and thus the time-dependence,
of the ion mass loss is theoretically uncertain, for FRB 121102 the
time-averaged ion injection rate €M at the present epoch is con-
strained to be ⇠ 10

19 � 10
21 g s�1 (Margalit & Metzger 2018).

The kinetic energy carried by the ion ejecta of each major flare,

Ew ⇠ ( €Mv2
w/2)�T ⇠ 10

46
erg €M21�T5

✓
�w
0.5

◆2

, (2)

is therefore within the magnetar’s budget, ⇠ Etot (Margalit & Met-
zger 2018). Here and hereafter we employ the short-hand notation
qx = q/10

x in cgs units, e.g. €M21 = €M/(10
21 g s�1).

We consider two limits for the time-dependence of the ion-
electron wind. First, if the ions were to emerge from the magnetar
isotropically at a strictly constant rate, then the radial density profile
would be that of a steady wind,

next =
€M

4⇡vwr2mp
steady wind (k = 2). (3)

Perhaps more realistically, the ions are released in temporally-
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
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dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 2: Frequency evolution and integrated pulse shape of the radio burst. The survey data,
collected on 2001 August 24, are shown here as a two-dimensional ‘waterfall plot’ of intensity
as a function of radio frequency versus time. The dispersion is clearly seen as a quadratic sweep
across the frequency band, with broadening towards lower frequencies. From a measurement of
the pulse delay across the receiver band using standard pulsar timing techniques, we determine
the DM to be 375±1 cm−3 pc. The two white lines separated by 15ms that bound the pulse show
the expected behavior for the cold-plasma dispersion law assuming a DM of 375 cm−3 pc. The
horizontal line at ∼ 1.34 GHz is an artifact in the data caused by a malfunctioning frequency
channel. This plot is for one of the offset beams in which the digitizers were not saturated.
By splitting the data into four frequency sub-bands we have measured both the half-power
pulse width and flux density spectrum over the observing bandwidth. Accounting for pulse
broadening due to known instrumental effects, we determine a frequency scaling relationship
for the observed width W = 4.6 ms (f/1.4 GHz)−4.8±0.4, where f is the observing frequency.
A power-law fit to the mean flux densities obtained in each sub-band yields a spectral index of
−4 ± 1. Inset: the total-power signal after a dispersive delay correction assuming a DM of 375
cm−3 pc and a reference frequency of 1.5165 GHz. The time axis on the inner figure also spans
the range 0–500 ms.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
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the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. The PA orthogonal jump of three FRB20201124A bursts. Panel (a) shows the degrees of linear and circular
polarization. Panel (b) shows the bin-to-bin di↵erence of the PA curve. The red error bars in the panel (c) represent the
measured PA swing of the three FRB bursts. The panel (d) shows the intensity of the three bursts in time and frequency.
For Burst #1 we show only the burst in a frequency range of 1000-1200MHz. For Burst #2 and Burst #3 we show the full
1000-1500MHz band. Using the outliers in the bin-to-bin di↵erence of PA (marked as red dots in panel (b)), we find the time
range in which the PA jumps occur, and mark them with the dotted vertical line in panel (a), (b) and (c).

Table 1. Information of PA jump bursts.

Number TOA (BC) 1 RM (rad m�2) DM (pc cm�3) Fluence (mJyms)

Burst#1 59314.337398370 -654.9 ± 0.8 413.5 ± 0.7 13554 ± 10

Burst#2 59485.808225740 -610.9 ± 0.4 410.2 ± 1.8 2588 ± 26

Burst#3 59485.819949776 -565.1 ± 2.6 411.8 ± 3.7 1698 ± 22
1
Barycentrical arrival time at 1500 MHz.

fluence values are listed in Table 1. The DM was determined based on the most prominent structure, and the fitted
sigma was adopted as the DM error.
For comparison, We also presented the single-pulse and integrated polarization profiles from the pulsars PSR

J1136+1551 (B1133+16) and PSR J0358+5413 (B0355+54) in Figure 4. We folded the pulsars using the ephemerides
obtained from the PSRCAT

3 and obtained their integrated profiles. The rotation measure of PSR J1136+1551 is RM
= 7.26 ± 0.02 rad m�2 and that of PSR J0358+5413 is RM = 82.257 ± 0.002 rad m�2.
To determine the time range of the PA jump of the FRB, we calculate the PA di↵erence between adjacent time bins

with the times bins in the PA curve uniformly sampled. When a jump occurs, the bin-to-bin di↵erence of the PA curve
becomes significantly larger. We take all the points where the discrete di↵erence is greater than 1 � of the baseline
fluctuation to determine the jump range. After the jump range is determined, the mean values of PA before and after

3
https://www.atnf.csiro.au/research/pulsar/psrcat/
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fluctuation to determine the jump range. After the jump range is determined, the mean values of PA before and after
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 1. The PA orthogonal jump of three FRB20201124A bursts. Panel (a) shows the degrees of linear and circular
polarization. Panel (b) shows the bin-to-bin di↵erence of the PA curve. The red error bars in the panel (c) represent the
measured PA swing of the three FRB bursts. The panel (d) shows the intensity of the three bursts in time and frequency.
For Burst #1 we show only the burst in a frequency range of 1000-1200MHz. For Burst #2 and Burst #3 we show the full
1000-1500MHz band. Using the outliers in the bin-to-bin di↵erence of PA (marked as red dots in panel (b)), we find the time
range in which the PA jumps occur, and mark them with the dotted vertical line in panel (a), (b) and (c).

Table 1. Information of PA jump bursts.

Number TOA (BC) 1 RM (rad m�2) DM (pc cm�3) Fluence (mJyms)

Burst#1 59314.337398370 -654.9 ± 0.8 413.5 ± 0.7 13554 ± 10

Burst#2 59485.808225740 -610.9 ± 0.4 410.2 ± 1.8 2588 ± 26

Burst#3 59485.819949776 -565.1 ± 2.6 411.8 ± 3.7 1698 ± 22
1
Barycentrical arrival time at 1500 MHz.

fluence values are listed in Table 1. The DM was determined based on the most prominent structure, and the fitted
sigma was adopted as the DM error.
For comparison, We also presented the single-pulse and integrated polarization profiles from the pulsars PSR

J1136+1551 (B1133+16) and PSR J0358+5413 (B0355+54) in Figure 4. We folded the pulsars using the ephemerides
obtained from the PSRCAT

3 and obtained their integrated profiles. The rotation measure of PSR J1136+1551 is RM
= 7.26 ± 0.02 rad m�2 and that of PSR J0358+5413 is RM = 82.257 ± 0.002 rad m�2.
To determine the time range of the PA jump of the FRB, we calculate the PA di↵erence between adjacent time bins

with the times bins in the PA curve uniformly sampled. When a jump occurs, the bin-to-bin di↵erence of the PA curve
becomes significantly larger. We take all the points where the discrete di↵erence is greater than 1 � of the baseline
fluctuation to determine the jump range. After the jump range is determined, the mean values of PA before and after

3
https://www.atnf.csiro.au/research/pulsar/psrcat/

Niu et al. 2024

JUMPS

SWINGS

Polarization

highly structured magnetic 
field configurations

Pandhi et al. 2024


Sobacchi et al. 2021, 2024b

Metzger et al. 2022



18 Sand et al.

Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 1. The PA orthogonal jump of three FRB20201124A bursts. Panel (a) shows the degrees of linear and circular
polarization. Panel (b) shows the bin-to-bin di↵erence of the PA curve. The red error bars in the panel (c) represent the
measured PA swing of the three FRB bursts. The panel (d) shows the intensity of the three bursts in time and frequency.
For Burst #1 we show only the burst in a frequency range of 1000-1200MHz. For Burst #2 and Burst #3 we show the full
1000-1500MHz band. Using the outliers in the bin-to-bin di↵erence of PA (marked as red dots in panel (b)), we find the time
range in which the PA jumps occur, and mark them with the dotted vertical line in panel (a), (b) and (c).

Table 1. Information of PA jump bursts.

Number TOA (BC) 1 RM (rad m�2) DM (pc cm�3) Fluence (mJyms)

Burst#1 59314.337398370 -654.9 ± 0.8 413.5 ± 0.7 13554 ± 10

Burst#2 59485.808225740 -610.9 ± 0.4 410.2 ± 1.8 2588 ± 26

Burst#3 59485.819949776 -565.1 ± 2.6 411.8 ± 3.7 1698 ± 22
1
Barycentrical arrival time at 1500 MHz.

fluence values are listed in Table 1. The DM was determined based on the most prominent structure, and the fitted
sigma was adopted as the DM error.
For comparison, We also presented the single-pulse and integrated polarization profiles from the pulsars PSR

J1136+1551 (B1133+16) and PSR J0358+5413 (B0355+54) in Figure 4. We folded the pulsars using the ephemerides
obtained from the PSRCAT

3 and obtained their integrated profiles. The rotation measure of PSR J1136+1551 is RM
= 7.26 ± 0.02 rad m�2 and that of PSR J0358+5413 is RM = 82.257 ± 0.002 rad m�2.
To determine the time range of the PA jump of the FRB, we calculate the PA di↵erence between adjacent time bins

with the times bins in the PA curve uniformly sampled. When a jump occurs, the bin-to-bin di↵erence of the PA curve
becomes significantly larger. We take all the points where the discrete di↵erence is greater than 1 � of the baseline
fluctuation to determine the jump range. After the jump range is determined, the mean values of PA before and after
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 1. The PA orthogonal jump of three FRB20201124A bursts. Panel (a) shows the degrees of linear and circular
polarization. Panel (b) shows the bin-to-bin di↵erence of the PA curve. The red error bars in the panel (c) represent the
measured PA swing of the three FRB bursts. The panel (d) shows the intensity of the three bursts in time and frequency.
For Burst #1 we show only the burst in a frequency range of 1000-1200MHz. For Burst #2 and Burst #3 we show the full
1000-1500MHz band. Using the outliers in the bin-to-bin di↵erence of PA (marked as red dots in panel (b)), we find the time
range in which the PA jumps occur, and mark them with the dotted vertical line in panel (a), (b) and (c).

Table 1. Information of PA jump bursts.

Number TOA (BC) 1 RM (rad m�2) DM (pc cm�3) Fluence (mJyms)

Burst#1 59314.337398370 -654.9 ± 0.8 413.5 ± 0.7 13554 ± 10

Burst#2 59485.808225740 -610.9 ± 0.4 410.2 ± 1.8 2588 ± 26

Burst#3 59485.819949776 -565.1 ± 2.6 411.8 ± 3.7 1698 ± 22
1
Barycentrical arrival time at 1500 MHz.

fluence values are listed in Table 1. The DM was determined based on the most prominent structure, and the fitted
sigma was adopted as the DM error.
For comparison, We also presented the single-pulse and integrated polarization profiles from the pulsars PSR

J1136+1551 (B1133+16) and PSR J0358+5413 (B0355+54) in Figure 4. We folded the pulsars using the ephemerides
obtained from the PSRCAT

3 and obtained their integrated profiles. The rotation measure of PSR J1136+1551 is RM
= 7.26 ± 0.02 rad m�2 and that of PSR J0358+5413 is RM = 82.257 ± 0.002 rad m�2.
To determine the time range of the PA jump of the FRB, we calculate the PA di↵erence between adjacent time bins

with the times bins in the PA curve uniformly sampled. When a jump occurs, the bin-to-bin di↵erence of the PA curve
becomes significantly larger. We take all the points where the discrete di↵erence is greater than 1 � of the baseline
fluctuation to determine the jump range. After the jump range is determined, the mean values of PA before and after
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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lower frequencies, they associate this with stochastic RM
scattering rather than intrinsic emission. Coherent radiation
models are further supported by the relatively flat PPAs
observed in this group. A χ2 goodness-of-fit test was conducted
to compare the PPA in time bins with linear-polarization S/N
>3σ to the weighted average PPA value (see Appendix K).
None of the 13 single-component FRBs consistent with 100%
polarization were found with significant variations (p< 10%)
in position angle. This may imply that there is a single
dominant polarization mode in most FRBs, and resembles the
behavior of young, high-spin-down pulsars (Weltevrede &
Johnston 2008; Ravi et al. 2010; Mitra et al. 2016). In
Section 4.2, we explore possible connections between FRBs
and young pulsars in more detail. Notably, of FRBs in the
consistent with 100% and intermediate subgroups, only
FRB 20220319D has a linear polarization fraction below
20%, a trait shared only by the three FRBs that are consistent
with 0%.

3.2.2. Circular Polarization

Circular polarization appears to be less common than linear
polarization among the single-component sample. Only two
FRBs that are consistent with 100% or intermediate have |V|/
I> 30%: FRB 20220121B and FRB 20220506D. Both are

consistent with 100% and show no clear splitting of different
signs of Stokes V. This is consistent with circular polarization
originating through the propagation effects discussed above. A
third FRB, FRB 20220801A, also has a high |V|/I, but falls
into the unconstrained subgroup, making any evident polariza-
tion difficult to confirm. We do not observe any changes in the
sign of Stokes V within FRB 20220121B and FRB 20220506D,
as are often observed at the centers of the main components in
radio pulsar APs (Radhakrishnan & Rankin 1990). Further-
more, while most single-component FRBs appear to have
negligible circular polarization (evident from both the |V|/I
fractions and polarized profiles in Figures 14–17), all four
multicomponent bursts appear to have significant circular
polarization. We will explore this further in the next section.
The large fraction of FRBs that exhibit high linear

polarization, as opposed to circular polarization, suggests that
the intrinsic emission mechanism is often highly linearly
polarized. Circular polarization and depolarization may then
arise primarily from propagation effects. In this scenario,
depolarization from the intrinsic mechanism due to unresolved
micro- or nanosecond-scale structure may be less significant
than propagation effects, in contrast to pulsar radio emission
(Cordes 1976; Hankins et al. 2003; Mitra et al. 2015).
However, this claim cannot be confirmed without higher-
time-resolution observations of FRBs.

Figure 3. Linear and absolute value circular polarization for DSA-110 FRBs. Each FRB is color-coded by its polarization class as reported in Table 3. Single-
component FRBs are shown as circles and multicomponent FRBs are shown as triangles. The error bars shown are 1σ uncertainties. The black line indicates where the
total-polarization fraction T I V I L I 100%2 2= + =(∣ ∣ ) ( ) . While all consistent with 100% (blue) and most intermediate (green) FRBs have L/I > 50%,
FRB 20220121B and FRB 20220506D also show significant circular polarization. FRB 20220319D is the only FRB in either class with less than 50% total
polarization. All consistent with 0% FRBs (orange) have L/I and |V|/I below 25%.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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lower frequencies, they associate this with stochastic RM
scattering rather than intrinsic emission. Coherent radiation
models are further supported by the relatively flat PPAs
observed in this group. A χ2 goodness-of-fit test was conducted
to compare the PPA in time bins with linear-polarization S/N
>3σ to the weighted average PPA value (see Appendix K).
None of the 13 single-component FRBs consistent with 100%
polarization were found with significant variations (p< 10%)
in position angle. This may imply that there is a single
dominant polarization mode in most FRBs, and resembles the
behavior of young, high-spin-down pulsars (Weltevrede &
Johnston 2008; Ravi et al. 2010; Mitra et al. 2016). In
Section 4.2, we explore possible connections between FRBs
and young pulsars in more detail. Notably, of FRBs in the
consistent with 100% and intermediate subgroups, only
FRB 20220319D has a linear polarization fraction below
20%, a trait shared only by the three FRBs that are consistent
with 0%.

3.2.2. Circular Polarization

Circular polarization appears to be less common than linear
polarization among the single-component sample. Only two
FRBs that are consistent with 100% or intermediate have |V|/
I> 30%: FRB 20220121B and FRB 20220506D. Both are

consistent with 100% and show no clear splitting of different
signs of Stokes V. This is consistent with circular polarization
originating through the propagation effects discussed above. A
third FRB, FRB 20220801A, also has a high |V|/I, but falls
into the unconstrained subgroup, making any evident polariza-
tion difficult to confirm. We do not observe any changes in the
sign of Stokes V within FRB 20220121B and FRB 20220506D,
as are often observed at the centers of the main components in
radio pulsar APs (Radhakrishnan & Rankin 1990). Further-
more, while most single-component FRBs appear to have
negligible circular polarization (evident from both the |V|/I
fractions and polarized profiles in Figures 14–17), all four
multicomponent bursts appear to have significant circular
polarization. We will explore this further in the next section.
The large fraction of FRBs that exhibit high linear

polarization, as opposed to circular polarization, suggests that
the intrinsic emission mechanism is often highly linearly
polarized. Circular polarization and depolarization may then
arise primarily from propagation effects. In this scenario,
depolarization from the intrinsic mechanism due to unresolved
micro- or nanosecond-scale structure may be less significant
than propagation effects, in contrast to pulsar radio emission
(Cordes 1976; Hankins et al. 2003; Mitra et al. 2015).
However, this claim cannot be confirmed without higher-
time-resolution observations of FRBs.

Figure 3. Linear and absolute value circular polarization for DSA-110 FRBs. Each FRB is color-coded by its polarization class as reported in Table 3. Single-
component FRBs are shown as circles and multicomponent FRBs are shown as triangles. The error bars shown are 1σ uncertainties. The black line indicates where the
total-polarization fraction T I V I L I 100%2 2= + =(∣ ∣ ) ( ) . While all consistent with 100% (blue) and most intermediate (green) FRBs have L/I > 50%,
FRB 20220121B and FRB 20220506D also show significant circular polarization. FRB 20220319D is the only FRB in either class with less than 50% total
polarization. All consistent with 0% FRBs (orange) have L/I and |V|/I below 25%.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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lower frequencies, they associate this with stochastic RM
scattering rather than intrinsic emission. Coherent radiation
models are further supported by the relatively flat PPAs
observed in this group. A χ2 goodness-of-fit test was conducted
to compare the PPA in time bins with linear-polarization S/N
>3σ to the weighted average PPA value (see Appendix K).
None of the 13 single-component FRBs consistent with 100%
polarization were found with significant variations (p< 10%)
in position angle. This may imply that there is a single
dominant polarization mode in most FRBs, and resembles the
behavior of young, high-spin-down pulsars (Weltevrede &
Johnston 2008; Ravi et al. 2010; Mitra et al. 2016). In
Section 4.2, we explore possible connections between FRBs
and young pulsars in more detail. Notably, of FRBs in the
consistent with 100% and intermediate subgroups, only
FRB 20220319D has a linear polarization fraction below
20%, a trait shared only by the three FRBs that are consistent
with 0%.

3.2.2. Circular Polarization

Circular polarization appears to be less common than linear
polarization among the single-component sample. Only two
FRBs that are consistent with 100% or intermediate have |V|/
I> 30%: FRB 20220121B and FRB 20220506D. Both are

consistent with 100% and show no clear splitting of different
signs of Stokes V. This is consistent with circular polarization
originating through the propagation effects discussed above. A
third FRB, FRB 20220801A, also has a high |V|/I, but falls
into the unconstrained subgroup, making any evident polariza-
tion difficult to confirm. We do not observe any changes in the
sign of Stokes V within FRB 20220121B and FRB 20220506D,
as are often observed at the centers of the main components in
radio pulsar APs (Radhakrishnan & Rankin 1990). Further-
more, while most single-component FRBs appear to have
negligible circular polarization (evident from both the |V|/I
fractions and polarized profiles in Figures 14–17), all four
multicomponent bursts appear to have significant circular
polarization. We will explore this further in the next section.
The large fraction of FRBs that exhibit high linear

polarization, as opposed to circular polarization, suggests that
the intrinsic emission mechanism is often highly linearly
polarized. Circular polarization and depolarization may then
arise primarily from propagation effects. In this scenario,
depolarization from the intrinsic mechanism due to unresolved
micro- or nanosecond-scale structure may be less significant
than propagation effects, in contrast to pulsar radio emission
(Cordes 1976; Hankins et al. 2003; Mitra et al. 2015).
However, this claim cannot be confirmed without higher-
time-resolution observations of FRBs.

Figure 3. Linear and absolute value circular polarization for DSA-110 FRBs. Each FRB is color-coded by its polarization class as reported in Table 3. Single-
component FRBs are shown as circles and multicomponent FRBs are shown as triangles. The error bars shown are 1σ uncertainties. The black line indicates where the
total-polarization fraction T I V I L I 100%2 2= + =(∣ ∣ ) ( ) . While all consistent with 100% (blue) and most intermediate (green) FRBs have L/I > 50%,
FRB 20220121B and FRB 20220506D also show significant circular polarization. FRB 20220319D is the only FRB in either class with less than 50% total
polarization. All consistent with 0% FRBs (orange) have L/I and |V|/I below 25%.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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lower frequencies, they associate this with stochastic RM
scattering rather than intrinsic emission. Coherent radiation
models are further supported by the relatively flat PPAs
observed in this group. A χ2 goodness-of-fit test was conducted
to compare the PPA in time bins with linear-polarization S/N
>3σ to the weighted average PPA value (see Appendix K).
None of the 13 single-component FRBs consistent with 100%
polarization were found with significant variations (p< 10%)
in position angle. This may imply that there is a single
dominant polarization mode in most FRBs, and resembles the
behavior of young, high-spin-down pulsars (Weltevrede &
Johnston 2008; Ravi et al. 2010; Mitra et al. 2016). In
Section 4.2, we explore possible connections between FRBs
and young pulsars in more detail. Notably, of FRBs in the
consistent with 100% and intermediate subgroups, only
FRB 20220319D has a linear polarization fraction below
20%, a trait shared only by the three FRBs that are consistent
with 0%.

3.2.2. Circular Polarization

Circular polarization appears to be less common than linear
polarization among the single-component sample. Only two
FRBs that are consistent with 100% or intermediate have |V|/
I> 30%: FRB 20220121B and FRB 20220506D. Both are

consistent with 100% and show no clear splitting of different
signs of Stokes V. This is consistent with circular polarization
originating through the propagation effects discussed above. A
third FRB, FRB 20220801A, also has a high |V|/I, but falls
into the unconstrained subgroup, making any evident polariza-
tion difficult to confirm. We do not observe any changes in the
sign of Stokes V within FRB 20220121B and FRB 20220506D,
as are often observed at the centers of the main components in
radio pulsar APs (Radhakrishnan & Rankin 1990). Further-
more, while most single-component FRBs appear to have
negligible circular polarization (evident from both the |V|/I
fractions and polarized profiles in Figures 14–17), all four
multicomponent bursts appear to have significant circular
polarization. We will explore this further in the next section.
The large fraction of FRBs that exhibit high linear

polarization, as opposed to circular polarization, suggests that
the intrinsic emission mechanism is often highly linearly
polarized. Circular polarization and depolarization may then
arise primarily from propagation effects. In this scenario,
depolarization from the intrinsic mechanism due to unresolved
micro- or nanosecond-scale structure may be less significant
than propagation effects, in contrast to pulsar radio emission
(Cordes 1976; Hankins et al. 2003; Mitra et al. 2015).
However, this claim cannot be confirmed without higher-
time-resolution observations of FRBs.

Figure 3. Linear and absolute value circular polarization for DSA-110 FRBs. Each FRB is color-coded by its polarization class as reported in Table 3. Single-
component FRBs are shown as circles and multicomponent FRBs are shown as triangles. The error bars shown are 1σ uncertainties. The black line indicates where the
total-polarization fraction T I V I L I 100%2 2= + =(∣ ∣ ) ( ) . While all consistent with 100% (blue) and most intermediate (green) FRBs have L/I > 50%,
FRB 20220121B and FRB 20220506D also show significant circular polarization. FRB 20220319D is the only FRB in either class with less than 50% total
polarization. All consistent with 0% FRBs (orange) have L/I and |V|/I below 25%.

7

The Astrophysical Journal, 964:131 (39pp), 2024 April 1 Sherman et al.

Sh
er

m
an

 e
t a

l. 
20

24

Up to 90% 
circular

? 
Qu et al. 2023

Sobacchi et al. 2021, 2024b

Metzger et al. 2022



18 Sand et al.

Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 1. Schematic sketch (not to scale) of an FRB source, whose radiation is scattered by a plasma screen in its host galaxy. Top - a magnetospheric model
- the diffractive scale of the scattering screen (as projected on the source), ✓so

c , is large compared to the transverse size of the source, 's. In this case a strong
modulation of the flux with frequency is observed due to scintillation. Bottom - for far away models for FRB radiation, ✓so

c < 's. In this case scintillation is
suppressed due to the finite size of the source.

been observed for the highly active FRB 20201124A (Main et al.
2022). Moreover, scattering also affects short duration electromag-
netic (EM) bursts by spreading them out in time, due to propagation
of the signal via multiple paths, and introducing stochastic fluctu-
ations in their spectrum. Multi-path propagation introduces delays
that manifest as temporal broadening for some FRBs, with a duration
of approximately XCB ' 0.1 to > 1 ms. However, other FRBs exhibit
no broadening because it is too small to be measured as a broaden-
ing of the emitted burst width. The effect of multi-path propagation
in these cases (in the strong scattering regime) would manifest as
frequency structure in the spectrum and should be identifiable in the
data with a frequency scale of Xa ⇠ (2cXCB)�1. So far, pulse broad-
ening for most FRBs where it is measurable is from the host galaxy
whereas frequency structure has been identified in only a few cases,
and it is from Milky Way scattering, e.g. CHIME/FRB Collaboration
et al. 2018; Cordes et al. 2022. Identifying the frequency structure
and measuring the modulation index of the auto-correlation function
due to scintillation in the host galaxy can help distinguish between
different models of FRB radiation.

An astronomical source is strongly scintillated with flux modula-
tion amplitude of order unity when the diffractive scale for the screen,
✓c , projected on the source plane, i.e. ✓so

c = ✓c3SO/3LO, is larger
than the transverse size of the source ('B), and ✓c is smaller than the
Fresnel scale '� defined as

'� ⌘

_3LO3SL

3SO

�1/2
, (1)

where 3SO is the distance between the source and the observer, 3LO
is the distance between the plasma screen and the observer, and 3SL
is distance between the source and plasma screen.

The scintillation bandwidth of the stochastic spectral fluctuation
is inversely proportional to the pulse broadening time of the scatter-

ing screen. The scintillation coherence bandwidth (Xasc) is typically
obtained by fitting the auto-correlation function (ACF) of the FRB
spectrum with a Lorentzian profile, which applies to a thin screen
with a square-law structure function (e.g. Cordes & Rickett 1998;
Lorimer & Kramer 2004; Masui et al. 2015)

A (Xa) =
<2
�

1 + (Xa/Xasc)2
, (2)

where<� is the modulation or scintillation index which is the contrast
between the flux of bright and dark scintles whose value is between
0 and 1, and the ACF is defined as

A (Xa) = 1
2�a

π a1+�a

a1��a
3a


5 (a)
5̄ (a)

� 1
� 

5 (a + Xa)
5̄ (a + Xa)

� 1
�

(3)

with 5 (a) the receiver frequency response corrected flux at a and
5̄ (a) is the corrected flux at a averaged over the burst duration; it
is assumed that any background flux has been subtracted from those
values2.

2 In practice, filtering out noise and the calculation of auto-correlation func-
tion is more involved, and the main steps are as follows. Let 5 (a, C ) be the
measured dynamic spectrum that contains a burst and a noise contribution.
Both are affected by the receiver frequency response 1 (a) . The off-burst
data are used to estimate 5off (a) = #01 (a) where #0 is the noise level
that can be estimated from the off-burst data. Usually there is much more
off-burst data to use so that noise fluctuations are averaged down and 1 (a)
is determined accurately. Then the on-burst dynamic spectrum is estimated
as 5on (a, C ) = [ 5 (a, C ) � 01 (a) ]/1 (a) where 0 is a suitable constant so
that the shape 1 (a) matches the noise part of the on-burst data. Next, 5on is
summed over the time range containing the burst to give the on-burst spec-
trum, 5on (a) . The on-burst spectrum is autocorrelated to finally yield the
ACF.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 1. Schematic sketch (not to scale) of an FRB source, whose radiation is scattered by a plasma screen in its host galaxy. Top - a magnetospheric model
- the diffractive scale of the scattering screen (as projected on the source), ✓so

c , is large compared to the transverse size of the source, 's. In this case a strong
modulation of the flux with frequency is observed due to scintillation. Bottom - for far away models for FRB radiation, ✓so

c < 's. In this case scintillation is
suppressed due to the finite size of the source.

been observed for the highly active FRB 20201124A (Main et al.
2022). Moreover, scattering also affects short duration electromag-
netic (EM) bursts by spreading them out in time, due to propagation
of the signal via multiple paths, and introducing stochastic fluctu-
ations in their spectrum. Multi-path propagation introduces delays
that manifest as temporal broadening for some FRBs, with a duration
of approximately XCB ' 0.1 to > 1 ms. However, other FRBs exhibit
no broadening because it is too small to be measured as a broaden-
ing of the emitted burst width. The effect of multi-path propagation
in these cases (in the strong scattering regime) would manifest as
frequency structure in the spectrum and should be identifiable in the
data with a frequency scale of Xa ⇠ (2cXCB)�1. So far, pulse broad-
ening for most FRBs where it is measurable is from the host galaxy
whereas frequency structure has been identified in only a few cases,
and it is from Milky Way scattering, e.g. CHIME/FRB Collaboration
et al. 2018; Cordes et al. 2022. Identifying the frequency structure
and measuring the modulation index of the auto-correlation function
due to scintillation in the host galaxy can help distinguish between
different models of FRB radiation.

An astronomical source is strongly scintillated with flux modula-
tion amplitude of order unity when the diffractive scale for the screen,
✓c , projected on the source plane, i.e. ✓so

c = ✓c3SO/3LO, is larger
than the transverse size of the source ('B), and ✓c is smaller than the
Fresnel scale '� defined as
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_3LO3SL
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�1/2
, (1)

where 3SO is the distance between the source and the observer, 3LO
is the distance between the plasma screen and the observer, and 3SL
is distance between the source and plasma screen.

The scintillation bandwidth of the stochastic spectral fluctuation
is inversely proportional to the pulse broadening time of the scatter-

ing screen. The scintillation coherence bandwidth (Xasc) is typically
obtained by fitting the auto-correlation function (ACF) of the FRB
spectrum with a Lorentzian profile, which applies to a thin screen
with a square-law structure function (e.g. Cordes & Rickett 1998;
Lorimer & Kramer 2004; Masui et al. 2015)

A (Xa) =
<2
�

1 + (Xa/Xasc)2
, (2)

where<� is the modulation or scintillation index which is the contrast
between the flux of bright and dark scintles whose value is between
0 and 1, and the ACF is defined as
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with 5 (a) the receiver frequency response corrected flux at a and
5̄ (a) is the corrected flux at a averaged over the burst duration; it
is assumed that any background flux has been subtracted from those
values2.

2 In practice, filtering out noise and the calculation of auto-correlation func-
tion is more involved, and the main steps are as follows. Let 5 (a, C ) be the
measured dynamic spectrum that contains a burst and a noise contribution.
Both are affected by the receiver frequency response 1 (a) . The off-burst
data are used to estimate 5off (a) = #01 (a) where #0 is the noise level
that can be estimated from the off-burst data. Usually there is much more
off-burst data to use so that noise fluctuations are averaged down and 1 (a)
is determined accurately. Then the on-burst dynamic spectrum is estimated
as 5on (a, C ) = [ 5 (a, C ) � 01 (a) ]/1 (a) where 0 is a suitable constant so
that the shape 1 (a) matches the noise part of the on-burst data. Next, 5on is
summed over the time range containing the burst to give the on-burst spec-
trum, 5on (a) . The on-burst spectrum is autocorrelated to finally yield the
ACF.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 1. Schematic sketch (not to scale) of an FRB source, whose radiation is scattered by a plasma screen in its host galaxy. Top - a magnetospheric model
- the diffractive scale of the scattering screen (as projected on the source), ✓so

c , is large compared to the transverse size of the source, 's. In this case a strong
modulation of the flux with frequency is observed due to scintillation. Bottom - for far away models for FRB radiation, ✓so

c < 's. In this case scintillation is
suppressed due to the finite size of the source.

been observed for the highly active FRB 20201124A (Main et al.
2022). Moreover, scattering also affects short duration electromag-
netic (EM) bursts by spreading them out in time, due to propagation
of the signal via multiple paths, and introducing stochastic fluctu-
ations in their spectrum. Multi-path propagation introduces delays
that manifest as temporal broadening for some FRBs, with a duration
of approximately XCB ' 0.1 to > 1 ms. However, other FRBs exhibit
no broadening because it is too small to be measured as a broaden-
ing of the emitted burst width. The effect of multi-path propagation
in these cases (in the strong scattering regime) would manifest as
frequency structure in the spectrum and should be identifiable in the
data with a frequency scale of Xa ⇠ (2cXCB)�1. So far, pulse broad-
ening for most FRBs where it is measurable is from the host galaxy
whereas frequency structure has been identified in only a few cases,
and it is from Milky Way scattering, e.g. CHIME/FRB Collaboration
et al. 2018; Cordes et al. 2022. Identifying the frequency structure
and measuring the modulation index of the auto-correlation function
due to scintillation in the host galaxy can help distinguish between
different models of FRB radiation.

An astronomical source is strongly scintillated with flux modula-
tion amplitude of order unity when the diffractive scale for the screen,
✓c , projected on the source plane, i.e. ✓so

c = ✓c3SO/3LO, is larger
than the transverse size of the source ('B), and ✓c is smaller than the
Fresnel scale '� defined as
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where 3SO is the distance between the source and the observer, 3LO
is the distance between the plasma screen and the observer, and 3SL
is distance between the source and plasma screen.

The scintillation bandwidth of the stochastic spectral fluctuation
is inversely proportional to the pulse broadening time of the scatter-

ing screen. The scintillation coherence bandwidth (Xasc) is typically
obtained by fitting the auto-correlation function (ACF) of the FRB
spectrum with a Lorentzian profile, which applies to a thin screen
with a square-law structure function (e.g. Cordes & Rickett 1998;
Lorimer & Kramer 2004; Masui et al. 2015)

A (Xa) =
<2
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1 + (Xa/Xasc)2
, (2)

where<� is the modulation or scintillation index which is the contrast
between the flux of bright and dark scintles whose value is between
0 and 1, and the ACF is defined as
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with 5 (a) the receiver frequency response corrected flux at a and
5̄ (a) is the corrected flux at a averaged over the burst duration; it
is assumed that any background flux has been subtracted from those
values2.

2 In practice, filtering out noise and the calculation of auto-correlation func-
tion is more involved, and the main steps are as follows. Let 5 (a, C ) be the
measured dynamic spectrum that contains a burst and a noise contribution.
Both are affected by the receiver frequency response 1 (a) . The off-burst
data are used to estimate 5off (a) = #01 (a) where #0 is the noise level
that can be estimated from the off-burst data. Usually there is much more
off-burst data to use so that noise fluctuations are averaged down and 1 (a)
is determined accurately. Then the on-burst dynamic spectrum is estimated
as 5on (a, C ) = [ 5 (a, C ) � 01 (a) ]/1 (a) where 0 is a suitable constant so
that the shape 1 (a) matches the noise part of the on-burst data. Next, 5on is
summed over the time range containing the burst to give the on-burst spec-
trum, 5on (a) . The on-burst spectrum is autocorrelated to finally yield the
ACF.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 2 DM corrected (220 pc cm�3) time-frequency data of one burst
detected by FAST on October 28, 2022, from FRB 20220912A. In the top
sub-panel, the frequency-averaged profile is black, while the red dotted lines
enclose the “on” window of each FRB. The intensity distributions in the fre-
quency domain are shown in black in the right sub-panel and are smoothed
with a Gaussian function with a width of 1/8 of the whole frequency band
in blue. The red dotted line in the right sub-panel is at the rms of the back-
ground.

Before extracting the burst spectra, radio-frequency inter-
ference is identified and then masked. For each burst, we get
a spectrum by averaging in the “on” window, dividing by its
smoothed spectrum, keeping only the frequency band where
the burst power is larger than the rms of the background (see
Figure 2), following Main et al.2022b [37]. Afterwards, we
have N burst spectra F(ti, ⌫) for each observation (see Fig-
ure 3). The bursts used for this scintillation study have a
signal-to-noise ratio (S/N2)) greater than 10. We note that the
detection threshold of S/N is selected to be 7 in other FAST
FRB works [38]. We use a higher threshold as studies of scin-
tillation arcs require sensitivity to small fluctuations, often
from deflected ray paths with .1% of the FRB’s mean flux.
For each burst, we calculate the spectrum’s frequency auto-
correlation function (ACF). We then construct the 2D ACFs
(see Figure 4) by binning the frequency ACFs of all burst
pairs as a function of time separation �t in 0.25 min bins,
weighted by the errors derived in the same manner as Main
et al.2022b [37].

A Gaussian function is fit to all values of a slice of the
2D ACF(�t,�⌫ = 0), and the scintillation timescale ⌧d is

the width at 1/e height. The scintillation bandwidth is typi-
cally defined as the half-width at the half maximum of a slice
2D ACF(�t = 0,�⌫) with an exponential function, similar to
Reardon et al. 2019 [39]. With a Hanning window function
applied to the whole ACF, we perform the 2D Fourier trans-
form of the ACF to compute the secondary spectrum [9, 10],
shifting it and then converting the relative power levels into a
decibel scale.

Figure 3 Burst spectra versus time (dynamic spectrum) for
FRB 20220912A on MJD 59882 with FAST. The frequency range of the
burst spectrum is restricted to the sub-channels where the burst is signifi-
cantly detected. Nearby burst spectra are clearly highly correlated, indicat-
ing that these bursts are imprinted with the same scintillation pattern, which
also allows a robust scintillation timescale measurement. The same printed
contrast of each burst is applied. The lines have a transparency.

2) The S/N is given by the ratio of the maximum intensity of pulse profile to the standard deviation of the o↵-pulse region.
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Figure 2: The polarimetric profiles, dynamic spectra, time-averaged spectra and polarization position angle (PPA) of
the bursts detected from FRB 20200120E. For B5 only Stokes I is shown (see text). The data are plotted with 8µs
and 1 MHz time and frequency resolution, respectively (with the exception of B1 and B5 which are plotted with 4 MHz
frequency resolution). The data were generated with SFXC and are coherently dedispersed within each 16 MHz subband to
87.75 pc cm�3(and also incoherently shifted between subbands). Panels a–d are the PPA across the burst profile, where the
color gradient represents the linear polarization S/N (black is high S/N and white is low S/N), and the colored horizontal
line represents the weighted best-fit line to the PPA. Only the PPAs above a linear S/N threshold of 3 are plotted. Panels
e–h show the total intensity (Stokes I; black), unbiased linear polarization (Everett & Weisberg 48 ; red) and circular
polarization (blue) burst profiles (panel i shows the Stokes I profile of burst B5). In the top-left of the panels are the burst
name used throughout this work, and the time resolution used for plotting. The colored bar at the bottom of the panels
represent the ±2� burst width used to measure the polarization fractions and burst fluence. Panels j–n are the dynamic
spectra and panels o–s are the time-averaged frequency spectra. The red marks on the dynamic spectra outline the edges
of the subbands. Data that have been removed due to radio frequency interference have not been plotted.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 2 DM corrected (220 pc cm�3) time-frequency data of one burst
detected by FAST on October 28, 2022, from FRB 20220912A. In the top
sub-panel, the frequency-averaged profile is black, while the red dotted lines
enclose the “on” window of each FRB. The intensity distributions in the fre-
quency domain are shown in black in the right sub-panel and are smoothed
with a Gaussian function with a width of 1/8 of the whole frequency band
in blue. The red dotted line in the right sub-panel is at the rms of the back-
ground.

Before extracting the burst spectra, radio-frequency inter-
ference is identified and then masked. For each burst, we get
a spectrum by averaging in the “on” window, dividing by its
smoothed spectrum, keeping only the frequency band where
the burst power is larger than the rms of the background (see
Figure 2), following Main et al.2022b [37]. Afterwards, we
have N burst spectra F(ti, ⌫) for each observation (see Fig-
ure 3). The bursts used for this scintillation study have a
signal-to-noise ratio (S/N2)) greater than 10. We note that the
detection threshold of S/N is selected to be 7 in other FAST
FRB works [38]. We use a higher threshold as studies of scin-
tillation arcs require sensitivity to small fluctuations, often
from deflected ray paths with .1% of the FRB’s mean flux.
For each burst, we calculate the spectrum’s frequency auto-
correlation function (ACF). We then construct the 2D ACFs
(see Figure 4) by binning the frequency ACFs of all burst
pairs as a function of time separation �t in 0.25 min bins,
weighted by the errors derived in the same manner as Main
et al.2022b [37].

A Gaussian function is fit to all values of a slice of the
2D ACF(�t,�⌫ = 0), and the scintillation timescale ⌧d is

the width at 1/e height. The scintillation bandwidth is typi-
cally defined as the half-width at the half maximum of a slice
2D ACF(�t = 0,�⌫) with an exponential function, similar to
Reardon et al. 2019 [39]. With a Hanning window function
applied to the whole ACF, we perform the 2D Fourier trans-
form of the ACF to compute the secondary spectrum [9, 10],
shifting it and then converting the relative power levels into a
decibel scale.

Figure 3 Burst spectra versus time (dynamic spectrum) for
FRB 20220912A on MJD 59882 with FAST. The frequency range of the
burst spectrum is restricted to the sub-channels where the burst is signifi-
cantly detected. Nearby burst spectra are clearly highly correlated, indicat-
ing that these bursts are imprinted with the same scintillation pattern, which
also allows a robust scintillation timescale measurement. The same printed
contrast of each burst is applied. The lines have a transparency.

2) The S/N is given by the ratio of the maximum intensity of pulse profile to the standard deviation of the o↵-pulse region.
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Figure 2: The polarimetric profiles, dynamic spectra, time-averaged spectra and polarization position angle (PPA) of
the bursts detected from FRB 20200120E. For B5 only Stokes I is shown (see text). The data are plotted with 8µs
and 1 MHz time and frequency resolution, respectively (with the exception of B1 and B5 which are plotted with 4 MHz
frequency resolution). The data were generated with SFXC and are coherently dedispersed within each 16 MHz subband to
87.75 pc cm�3(and also incoherently shifted between subbands). Panels a–d are the PPA across the burst profile, where the
color gradient represents the linear polarization S/N (black is high S/N and white is low S/N), and the colored horizontal
line represents the weighted best-fit line to the PPA. Only the PPAs above a linear S/N threshold of 3 are plotted. Panels
e–h show the total intensity (Stokes I; black), unbiased linear polarization (Everett & Weisberg 48 ; red) and circular
polarization (blue) burst profiles (panel i shows the Stokes I profile of burst B5). In the top-left of the panels are the burst
name used throughout this work, and the time resolution used for plotting. The colored bar at the bottom of the panels
represent the ±2� burst width used to measure the polarization fractions and burst fluence. Panels j–n are the dynamic
spectra and panels o–s are the time-averaged frequency spectra. The red marks on the dynamic spectra outline the edges
of the subbands. Data that have been removed due to radio frequency interference have not been plotted.
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Figure 3. Mean autocorrelation function (ACF) for all bursts within
three frequency subbands: 1.37�1.45 GHz (top), 1.29�1.37 GHz
(middle), and 1.05 � 1.16 GHz (bottom). The mean ACF is calcu-
lated by dividing the bursts into subbands and then calculating the
ACF for each burst, before averaging all of the burst ACFs within
each subband. The ACFs shown here have been normalized to a
maximum of one after averaging, and are only shown for frequency
lags between �1.5 and 1.5 MHz. The black points correspond to
the measured ACFs, and the red lines correspond to nonlinear least
squares fits for a modified Lorentzian model with a scintillation
bandwidth �⌫d indicated in each panel. The errors on the measured
ACF values are smaller than the size of the black points shown.

self-noise but any burst substructure smaller than about 10 µs
may contribute to burst spectra.

The spatial-coherence requirement implies that the angular
diameter, and thus the scattering time ⌧ , produced by extra-
galactic scattering is sufficiently small to allow fully modu-
lated Galactic DISS to occur. The angular diameter depends
on the distance of the extragalactic scattering screen from
the FRB source, so the occurrence of DISS implies an up-
per bound on that distance (Section 3.3; Cordes & Chatterjee
2019).

Operationally, the scintillation bandwidth is estimated as
the HWHM of the intensity ACF after due allowance for
a narrow spike at zero lag from radiometer noise. For
x = 4 and a thin screen, the theoretical form for the ACF
is Lorentzian (e.g. Gwinn et al. 1998),

RI(�⌫) =
(�⌫d)2 + (�⌫w)2

(�⌫d)2 + (�⌫w)2 + (�⌫)2
, (2)

where we have included an extra term (�⌫w)2 to account ap-
proximately for the spectral window function used in the data
acquisition, which synthesizes a polyphase filterbank that ap-
proximates a Hamming window.

Our analysis relies on the strong frequency dependence
of �⌫d to identify DISS. Similar to pulse broadening, most

of the burst spectra discussed here lack sufficient S/N to fit
for a scintillation bandwidth individually; instead, the burst
ACFs are calculated within frequency subbands and then av-
eraged to produce a mean ACF. We adopt slightly different
subband divisions to calculate the scintillation bandwidth:
1.05 � 1.16 GHz, 1.29 � 1.37 GHz, and 1.37 � 1.45 GHz;
not only are these subbands generally free of RFI, but they
also yield mean burst profiles that are contiguously sampled
in frequency and subsequently have consistent lag spacing in
the ACF, producing uniform sampling in the average ACFs.

After each burst in the 72-burst sample is divided into sub-
bands, the on-burst spectrum is averaged in time. A linear fit
to the off-burst noise spectrum is subtracted from the on-burst
spectrum before calculating the burst ACF. All burst ACFs
with power in a given subband are then averaged within that
subband to produce a single, mean ACF. The mean ACFs
for each subband are shown in Figure 3, along with nonlin-
ear least squares fits of the modified Lorentzian model. The
zero-lag noise spike is excluded, and the amplitude of the
Lorentzian is left as a free parameter within each subband.

We find �⌫d = 0.07 ± 0.03 MHz at 1.105 GHz, �⌫d =
0.15 ± 0.01 MHz at 1.33 GHz, and �⌫d = 0.21 ± 0.01
MHz at 1.41 GHz. Together these imply �⌫d / ⌫4.7±0.5

from a least-squares fit to the exponent, which is consistent
with the frequency scaling expected for inertial-range Kol-
mogorov turbulence (⌫4.4), and re-scaling the best-fit value
of �⌫d at 1.41 GHz yields �⌫d ⇡ 0.05 MHz at 1 GHz.
Alternatively, fixing the spectral index to 4.4 and fitting for
�⌫d across all three subbands simultaneously yields a best-
fit value �⌫d = 0.052 ± 0.007 at 1 GHz. These fitting ap-
proaches are consistent with each other and with the scin-
tillation bandwidth independently inferred from GBT obser-
vations at 5 GHz by Anna-Thomas et al. (2022), demon-
strating that the estimated decorrelation bandwidths are con-
sistent with DISS. Because the zero-lag noise spike in the
ACF is large due to the generally low signal-to-noise ratios
of the bursts and residual contributions from self-noise, we
are unable to estimate the intensity modulation index reli-
ably. Nonetheless, burst self-noise is not expected to be fre-
quency dependent in the same way as DISS, so the lack of a
constraint on the modulation index does not impact our inter-
pretation of the ACF.

The scintillation bandwidth predicted by NE2001 along
the FRB LOS is �⌫d ⇡ 0.5 MHz at 1 GHz, almost 10 times
larger than the measured value. While a number of FRBs
with published scintillation bandwidths are broadly consis-
tent with the NE2001 predictions (e.g. Ocker et al. 2021;
Schoen et al. 2021), significant deviation from the NE2001
prediction has been observed in at least one other case, FRB
20201124A, and may be related to localized density structure
that is not incorporated in the model (Main et al. 2022). Al-
though FRB 190520 lies at a high Galactic latitude (b = 30�),

Ocker et al. 2022a
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).

26 Hessels et al.

Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).

26 Hessels et al.

Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).

Spectral behaviour

Temporal variability ? 

Pol angle swing

Circular polarisation ? 
N

im
m

o 
et

 a
l. 

20
25

Scintillation

Qu et al. 2023

Sobacchi et al. 2021, 2024b

Metzger et al. 2022

R ⋆
ob

s[
km

]

ds2⋆ [kpc]

Upper limit on the 
emission size is 

R⋆obs ≲ 3 × 104 km

Magnetospheric

Non-magnetospheric

Scintillation*
* from the host galaxy



18 Sand et al.

Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).
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Figure 2. Three bightest bursts of FRB20230607A. The bottom sub-panels show the 2 dimensional dynamic spectrum over
frequency and time. The middle sub-panels show the polarization profiles, solid line for total intensity I, dashed line for linear
polarization L and dotted line for circular polarization V , and the top sub-panels show the polarized position angles. The
observation date and burst number are marked on the top of panels. The arrow at around -40 ms of the burst B7 on 20231102
indicates a weak emission component.

After receiving the low-latency alerts of two repeti-
tive bursts from FRB20230607A from the CHIME/FRB
VOEvent Service (CHIME/FRB Collaboration et al.
2018) on October 1st, 2023, we promptly proposed and
then scheduled a two-hour monitor observation session
on October 16th 2023 by FAST. Because of the large un-
certainty of source position, we use the snapshot mode

(Han et al. 2021) for observations, which cover a sky area
of 0.157 square-degree around the suggested position by
using 4 adjacent pointings of the 19 beams, 30 minutes
each. In each pointing all 19 beams track at given coor-
dinates. Data of all 4⇥19 = 76 beams are recorded and
then searched for single pulses in a DM range of 3-1000
pc cm�3 with a step of 1.0 pc cm�3 by using the artifi-
cial intelligence techniques to identify burst signatures
on DM-Time images (Zhou et al. 2023).
From the first observation session, 21 bursts were de-

tected, including one particularly bright burst visible in
several beams and even saturated in the FAST snap-
shot beam M07-P4. The coordinates of the burst source
are then determined by using the signal-to-noise ratios
(S/N) and the beam center positions assuming they all
have the ideal responses as done in Han et al. (2021) for
bright pulsars. The new coordinates of FRB20230607A
are set to be RA = 21h53m35s.9, Dec = +11�17004.200

with uncertainties of �RA = 3s.0 and �Dec = 1006.800

(68% confidence level).
The subsequent FAST monitoring observations (see

Table 1), lasted almost for one year, targeting the
new coordinate by using the central beam of the

FAST L-band 19-beam receiver in the tracking or

swiftcalibration mode.
The polarization data (XX, X⇤

Y , XY
⇤ and Y Y ) are

recorded for each frequency channel in all sessions except
the first snapshot observations. The periodical calibra-
tion signals with a noise-diode-signal of 1 K in amplitude
and a period of 0.2 s are injected into the feed during
the first minute of each observation session. Based on
these calibration signals, one can derive the polarization
profiles of detected bursts (Wang et al. 2023), see details
below.

2.2. Burst detection and parameter estimation

From the recorded data with a sample time of gener-
ally 49.152 µs FRB20230607A, we employ the structure
maximizing method (Hessels et al. 2019) to find the best
DM based on the average profile of the bright multi-
component bursts, that is 362.85±0.15 pc cm�3 from a
narrow-component burst on November 12, 2023, which
has the smallest uncertainty (see Fig.2). We then take
this DM to detect other bursts. The burst profile is
obtained after the data are de-dispersion with this DM.
For bursts with S/N > 7.0, we adopt the iterative

fitting methodology of Zhou et al. (2022) for the burst
morphology: (1) Manually set the frequency window of
FAST observations, (2) Perform a multi-Gaussian func-
tion fitting on the de-dispersed burst profile to extract
the burst components, (3) For each burst component,
fit the energy distribution along the frequency channels
with a Gaussian function, to get the emission frequency
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Figure 2. Three bightest bursts of FRB20230607A. The bottom sub-panels show the 2 dimensional dynamic spectrum over
frequency and time. The middle sub-panels show the polarization profiles, solid line for total intensity I, dashed line for linear
polarization L and dotted line for circular polarization V , and the top sub-panels show the polarized position angles. The
observation date and burst number are marked on the top of panels. The arrow at around -40 ms of the burst B7 on 20231102
indicates a weak emission component.

After receiving the low-latency alerts of two repeti-
tive bursts from FRB20230607A from the CHIME/FRB
VOEvent Service (CHIME/FRB Collaboration et al.
2018) on October 1st, 2023, we promptly proposed and
then scheduled a two-hour monitor observation session
on October 16th 2023 by FAST. Because of the large un-
certainty of source position, we use the snapshot mode

(Han et al. 2021) for observations, which cover a sky area
of 0.157 square-degree around the suggested position by
using 4 adjacent pointings of the 19 beams, 30 minutes
each. In each pointing all 19 beams track at given coor-
dinates. Data of all 4⇥19 = 76 beams are recorded and
then searched for single pulses in a DM range of 3-1000
pc cm�3 with a step of 1.0 pc cm�3 by using the artifi-
cial intelligence techniques to identify burst signatures
on DM-Time images (Zhou et al. 2023).
From the first observation session, 21 bursts were de-

tected, including one particularly bright burst visible in
several beams and even saturated in the FAST snap-
shot beam M07-P4. The coordinates of the burst source
are then determined by using the signal-to-noise ratios
(S/N) and the beam center positions assuming they all
have the ideal responses as done in Han et al. (2021) for
bright pulsars. The new coordinates of FRB20230607A
are set to be RA = 21h53m35s.9, Dec = +11�17004.200

with uncertainties of �RA = 3s.0 and �Dec = 1006.800

(68% confidence level).
The subsequent FAST monitoring observations (see

Table 1), lasted almost for one year, targeting the
new coordinate by using the central beam of the

FAST L-band 19-beam receiver in the tracking or

swiftcalibration mode.
The polarization data (XX, X⇤

Y , XY
⇤ and Y Y ) are

recorded for each frequency channel in all sessions except
the first snapshot observations. The periodical calibra-
tion signals with a noise-diode-signal of 1 K in amplitude
and a period of 0.2 s are injected into the feed during
the first minute of each observation session. Based on
these calibration signals, one can derive the polarization
profiles of detected bursts (Wang et al. 2023), see details
below.

2.2. Burst detection and parameter estimation

From the recorded data with a sample time of gener-
ally 49.152 µs FRB20230607A, we employ the structure
maximizing method (Hessels et al. 2019) to find the best
DM based on the average profile of the bright multi-
component bursts, that is 362.85±0.15 pc cm�3 from a
narrow-component burst on November 12, 2023, which
has the smallest uncertainty (see Fig.2). We then take
this DM to detect other bursts. The burst profile is
obtained after the data are de-dispersion with this DM.
For bursts with S/N > 7.0, we adopt the iterative

fitting methodology of Zhou et al. (2022) for the burst
morphology: (1) Manually set the frequency window of
FAST observations, (2) Perform a multi-Gaussian func-
tion fitting on the de-dispersed burst profile to extract
the burst components, (3) For each burst component,
fit the energy distribution along the frequency channels
with a Gaussian function, to get the emission frequency
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Figure 2. Three bightest bursts of FRB20230607A. The bottom sub-panels show the 2 dimensional dynamic spectrum over
frequency and time. The middle sub-panels show the polarization profiles, solid line for total intensity I, dashed line for linear
polarization L and dotted line for circular polarization V , and the top sub-panels show the polarized position angles. The
observation date and burst number are marked on the top of panels. The arrow at around -40 ms of the burst B7 on 20231102
indicates a weak emission component.
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tive bursts from FRB20230607A from the CHIME/FRB
VOEvent Service (CHIME/FRB Collaboration et al.
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then scheduled a two-hour monitor observation session
on October 16th 2023 by FAST. Because of the large un-
certainty of source position, we use the snapshot mode
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of 0.157 square-degree around the suggested position by
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each. In each pointing all 19 beams track at given coor-
dinates. Data of all 4⇥19 = 76 beams are recorded and
then searched for single pulses in a DM range of 3-1000
pc cm�3 with a step of 1.0 pc cm�3 by using the artifi-
cial intelligence techniques to identify burst signatures
on DM-Time images (Zhou et al. 2023).
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tected, including one particularly bright burst visible in
several beams and even saturated in the FAST snap-
shot beam M07-P4. The coordinates of the burst source
are then determined by using the signal-to-noise ratios
(S/N) and the beam center positions assuming they all
have the ideal responses as done in Han et al. (2021) for
bright pulsars. The new coordinates of FRB20230607A
are set to be RA = 21h53m35s.9, Dec = +11�17004.200

with uncertainties of �RA = 3s.0 and �Dec = 1006.800

(68% confidence level).
The subsequent FAST monitoring observations (see

Table 1), lasted almost for one year, targeting the
new coordinate by using the central beam of the

FAST L-band 19-beam receiver in the tracking or
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⇤ and Y Y ) are

recorded for each frequency channel in all sessions except
the first snapshot observations. The periodical calibra-
tion signals with a noise-diode-signal of 1 K in amplitude
and a period of 0.2 s are injected into the feed during
the first minute of each observation session. Based on
these calibration signals, one can derive the polarization
profiles of detected bursts (Wang et al. 2023), see details
below.

2.2. Burst detection and parameter estimation

From the recorded data with a sample time of gener-
ally 49.152 µs FRB20230607A, we employ the structure
maximizing method (Hessels et al. 2019) to find the best
DM based on the average profile of the bright multi-
component bursts, that is 362.85±0.15 pc cm�3 from a
narrow-component burst on November 12, 2023, which
has the smallest uncertainty (see Fig.2). We then take
this DM to detect other bursts. The burst profile is
obtained after the data are de-dispersion with this DM.
For bursts with S/N > 7.0, we adopt the iterative

fitting methodology of Zhou et al. (2022) for the burst
morphology: (1) Manually set the frequency window of
FAST observations, (2) Perform a multi-Gaussian func-
tion fitting on the de-dispersed burst profile to extract
the burst components, (3) For each burst component,
fit the energy distribution along the frequency channels
with a Gaussian function, to get the emission frequency
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Figure 2: Cumulative burst energy distribution of spectral energy densities.
In the left panel we show detections by Westerbork (Wb) and Stockert (St), FAST26 and NRT27 at 1.4 GHz (L-band).
In order compare between the di↵erent observational campaigns we only show bursts that were observed between MJD
59869 and 59910. Comparing the di↵erent rates reveals a break in the distribution towards higher energies (⇠ 3 ⇥
1030 erg/Hz). The purple and blue vertical line correspond to the completeness threshold as indicated in Table 1. The red
and black vertical lines denote the point where the distribution can be best described by a single power law as calculated
by the Python package powerlaw. Transparent data points which are on the left side of the vertical lines were excluded
in the fit. When fitting we set a 20 % error on the energies and quote two errors. The first error is the 1� statistical
uncertainty on the fit and the second error is the 1� error after the bootstrapping method. In the right panel we show
detections observed at 0.3 GHz (P-band).
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Figure 2: Subset of bursts detected in this campaign. Each panel consists of three sub-panels showing the dedispersed
dynamic spectrum (panels a-d; for Tr, O8, Wb coherently dedispersed using SFXC while incoherently dedispersed with
DSPSR for St as no baseband data were available), the frequency averaged time series (panels e-h), and the spectrum of
the time averaged ‘on-time’ of the pulse (panels i-l). This on-time is indicated by the coloured horizontal bar under each
time series, where the colour encodes the telescope at which the pulse was detected (from left to right): purple for St,
orange for Tr, green for O8, and blue for Wb. The same on-time was used to compute the fluences in Table 1. In the time
series panel, we indicate the pulse-ID in the top left corner, while the time and frequency resolution used in the plotting
is indicated in the top right corner. In the dynamic spectra, horizontal white lines, with an additional red marker on the
left, denote frequency ranges that were flagged because of RFI. For visualisation purposes the data were capped at the
98th percentile in the dynamic spectra. The full set of bursts is shown in Extended Data Figure 1.

Figure 3: Burst spectral energy density distribution at different epochs. Panel a: Cumulative burst rate distribution
measured during the time range MJD 59305�59363 in comparison to those reported by FAST during the same epoch20.
The vertical green and purple dotted lines indicate the completeness threshold for O8 and St, respectively, beyond which
we jointly fit the data with a simple power law (grey solid line). The vertical black dotted and dash-dotted lines indicate
the thresholds beyond which the FAST data no longer follow a simple power law, as determined with the Python package
powerlaw, and the break point of the broken power law as determined by Xu et al. 20 , respectively. We fit simple power
laws to the data beyond the respective limits shown by the solid and dotted black lines. Pale coloured data points were
excluded from the fit. Panel b: Coloured circles indicate the burst rates observed after MJD 59602, as measured with
Wb (blue), St (purple), and O8 (green). The coloured lines are the respective powerlaw fits. We did not fit the O8-data
due to too few detections. Note that in this time range the St SEFD improved by a factor of ⇠ 3 compared to the data
taken in 2021, lowering the completeness threshold compared to what is shown in the left panel. For comparison, we are
also showing the burst rates as measured at O8 and St during the first activity window (pale coloured squares, same as
left panel). The quoted uncertainties are composed of the statistical 1�-error of the least-squares fit (first error) and the
1�-uncertainty on the fitted slope from bootstrapping.
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Figure 2: Cumulative burst energy distribution of spectral energy densities.
In the left panel we show detections by Westerbork (Wb) and Stockert (St), FAST26 and NRT27 at 1.4 GHz (L-band).
In order compare between the di↵erent observational campaigns we only show bursts that were observed between MJD
59869 and 59910. Comparing the di↵erent rates reveals a break in the distribution towards higher energies (⇠ 3 ⇥
1030 erg/Hz). The purple and blue vertical line correspond to the completeness threshold as indicated in Table 1. The red
and black vertical lines denote the point where the distribution can be best described by a single power law as calculated
by the Python package powerlaw. Transparent data points which are on the left side of the vertical lines were excluded
in the fit. When fitting we set a 20 % error on the energies and quote two errors. The first error is the 1� statistical
uncertainty on the fit and the second error is the 1� error after the bootstrapping method. In the right panel we show
detections observed at 0.3 GHz (P-band).
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Figure 2: Subset of bursts detected in this campaign. Each panel consists of three sub-panels showing the dedispersed
dynamic spectrum (panels a-d; for Tr, O8, Wb coherently dedispersed using SFXC while incoherently dedispersed with
DSPSR for St as no baseband data were available), the frequency averaged time series (panels e-h), and the spectrum of
the time averaged ‘on-time’ of the pulse (panels i-l). This on-time is indicated by the coloured horizontal bar under each
time series, where the colour encodes the telescope at which the pulse was detected (from left to right): purple for St,
orange for Tr, green for O8, and blue for Wb. The same on-time was used to compute the fluences in Table 1. In the time
series panel, we indicate the pulse-ID in the top left corner, while the time and frequency resolution used in the plotting
is indicated in the top right corner. In the dynamic spectra, horizontal white lines, with an additional red marker on the
left, denote frequency ranges that were flagged because of RFI. For visualisation purposes the data were capped at the
98th percentile in the dynamic spectra. The full set of bursts is shown in Extended Data Figure 1.

Figure 3: Burst spectral energy density distribution at different epochs. Panel a: Cumulative burst rate distribution
measured during the time range MJD 59305�59363 in comparison to those reported by FAST during the same epoch20.
The vertical green and purple dotted lines indicate the completeness threshold for O8 and St, respectively, beyond which
we jointly fit the data with a simple power law (grey solid line). The vertical black dotted and dash-dotted lines indicate
the thresholds beyond which the FAST data no longer follow a simple power law, as determined with the Python package
powerlaw, and the break point of the broken power law as determined by Xu et al. 20 , respectively. We fit simple power
laws to the data beyond the respective limits shown by the solid and dotted black lines. Pale coloured data points were
excluded from the fit. Panel b: Coloured circles indicate the burst rates observed after MJD 59602, as measured with
Wb (blue), St (purple), and O8 (green). The coloured lines are the respective powerlaw fits. We did not fit the O8-data
due to too few detections. Note that in this time range the St SEFD improved by a factor of ⇠ 3 compared to the data
taken in 2021, lowering the completeness threshold compared to what is shown in the left panel. For comparison, we are
also showing the burst rates as measured at O8 and St during the first activity window (pale coloured squares, same as
left panel). The quoted uncertainties are composed of the statistical 1�-error of the least-squares fit (first error) and the
1�-uncertainty on the fitted slope from bootstrapping.
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Is the emission physics for the low energy bursts the same as those in the high energy tail?
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Figure 1. Left: Linearly scaled MMT r-band image showing part of the host galaxy, NGC4141, of FRB20250316A with
the CHIME Outriggers VLBI localization overlaid in red; the ellipse incorporates both positional and absolute astrometric tie
uncertainties. The 3-� limiting magnitude of the image is r & 25.6 mag (AB, corrected for Galactic extinction). The image is
oriented North up and East left. Right: Image zoomed in at the Outrigger position, 800⇥ 800, and additionally showing the 1-,
2- and 3-� localization ellipses of FRB20250316A.

tra. To avoid the masking of bright emission lines, the
automatic cosmic-ray detection and masking was turned
o↵.
We do not detect any spectral features at the FRB

position, but observe strong nebular emission (H�, H↵,
and [OIII]) from the location of the nearby extended
r-band emission detected in our MMT imaging with a
common redshift of z = 0.0065. This is consistent with
that emission originating from star formation within
NGC 4141.

3.2.3. KCWI

On 2025 March 22, six days after the FRB event, we
observed the location of the FRB with the Keck Cosmic
Web Imager (KCWI) integral field spectrograph (IFS;
PI T. Treu; ProgID U036). We used the “Small” slicer,
which covers a field of view of 800 ⇥ 2000 with the high-
est spatial resolution o↵ered by the instrument (0.3400

per pixel), and the BL and RL gratings on the blue and
red arms (R ⇡ 3600 and R > 2000, respectively). We
obtained a total of 2060 s on the blue arm (2⇥ 1030 s)
and 1800 s on the red arm (6⇥300 s) on-source without
dithering. We also obtained o↵-source exposures of the
same durations on a blank patch of sky o↵set by 3000

from our initial pointing. To calibrate our exposures,
we obtained the standard bias frames, ThAr comparison
lamps, internal flatfields, dome flatfields, sky flatfields,

alignment frames, and standard-star exposures (CAL-
Spec standard BD+54 1216; R. C. Bohlin et al. 2025).
The data were also reduced using the PypeIt reduction

package. As mentioned in §3.2.2 for our Gemini spec-
troscopic data, our KCWI frames were first subject to
basic image-processing steps. However, as recommended
by PypeIt documentation, in anticipation of co-adding
the individual exposures, spectral illumination correc-
tion was turned o↵. Then, one of the sky flats (dome
flats) for the blue side (red side) was subsequently re-
duced as a science frame to provide relative scale correc-
tion in the co-addition step. The resulting 2D science
spectra were co-added with the pypeit coadd datacube

script to produce spectral data cubes. As the field of
view was entirely within the disk of the host galaxy on
the sky, each science frame was paired with one of the
blank sky exposures to better subtract the sky emis-
sion. During co-addition, the standard-star data were
also employed for flux calibration.
After reduction and fluxing, we corrected the astro-

metric solution of the red and blue cubes. Since no
obvious point source was identified on the cube, we at-
tempted to align the centroids of the three line-emitting
clumps in Figure 9 with the corresponding clumps in
our deep MMT r-band image (shown in the right panel
of Figure 1). To this end, narrow-band maps of H↵
and the [O II] ��3726, 3729 doublet were generated and
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the CHIME Outriggers VLBI localization overlaid in red; the ellipse incorporates both positional and absolute astrometric tie
uncertainties. The 3-� limiting magnitude of the image is r & 25.6 mag (AB, corrected for Galactic extinction). The image is
oriented North up and East left. Right: Image zoomed in at the Outrigger position, 800⇥ 800, and additionally showing the 1-,
2- and 3-� localization ellipses of FRB20250316A.
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and [OIII]) from the location of the nearby extended
r-band emission detected in our MMT imaging with a
common redshift of z = 0.0065. This is consistent with
that emission originating from star formation within
NGC 4141.
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observed the location of the FRB with the Keck Cosmic
Web Imager (KCWI) integral field spectrograph (IFS;
PI T. Treu; ProgID U036). We used the “Small” slicer,
which covers a field of view of 800 ⇥ 2000 with the high-
est spatial resolution o↵ered by the instrument (0.3400

per pixel), and the BL and RL gratings on the blue and
red arms (R ⇡ 3600 and R > 2000, respectively). We
obtained a total of 2060 s on the blue arm (2⇥ 1030 s)
and 1800 s on the red arm (6⇥300 s) on-source without
dithering. We also obtained o↵-source exposures of the
same durations on a blank patch of sky o↵set by 3000

from our initial pointing. To calibrate our exposures,
we obtained the standard bias frames, ThAr comparison
lamps, internal flatfields, dome flatfields, sky flatfields,

alignment frames, and standard-star exposures (CAL-
Spec standard BD+54 1216; R. C. Bohlin et al. 2025).
The data were also reduced using the PypeIt reduction

package. As mentioned in §3.2.2 for our Gemini spec-
troscopic data, our KCWI frames were first subject to
basic image-processing steps. However, as recommended
by PypeIt documentation, in anticipation of co-adding
the individual exposures, spectral illumination correc-
tion was turned o↵. Then, one of the sky flats (dome
flats) for the blue side (red side) was subsequently re-
duced as a science frame to provide relative scale correc-
tion in the co-addition step. The resulting 2D science
spectra were co-added with the pypeit coadd datacube

script to produce spectral data cubes. As the field of
view was entirely within the disk of the host galaxy on
the sky, each science frame was paired with one of the
blank sky exposures to better subtract the sky emis-
sion. During co-addition, the standard-star data were
also employed for flux calibration.
After reduction and fluxing, we corrected the astro-

metric solution of the red and blue cubes. Since no
obvious point source was identified on the cube, we at-
tempted to align the centroids of the three line-emitting
clumps in Figure 9 with the corresponding clumps in
our deep MMT r-band image (shown in the right panel
of Figure 1). To this end, narrow-band maps of H↵
and the [O II] ��3726, 3729 doublet were generated and
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Figure 1: Temporal variations of various quantities of FRB 20220529. (A) Daily observing
time. (B) Daily number of bursts detected. (C) Daily burst rate of FRBs. Vertical grey dotted
lines present the days with observations, including days with non-detection. (D) Dispersion
measure of all bursts. Blue dots are the bursts detected with FAST and cyan dots are those
detected with Parkes. (E) Linear Polarization fraction of all bursts. (F) The Rotation measure
and its evolution. The horizontal dotted line indicates the contribution of the Milky Way. The
filled blue region indicates the range of the low RM state. A distinct RM flare is clearly seen.
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the CHIME Outriggers VLBI localization overlaid in red; the ellipse incorporates both positional and absolute astrometric tie
uncertainties. The 3-� limiting magnitude of the image is r & 25.6 mag (AB, corrected for Galactic extinction). The image is
oriented North up and East left. Right: Image zoomed in at the Outrigger position, 800⇥ 800, and additionally showing the 1-,
2- and 3-� localization ellipses of FRB20250316A.
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basic image-processing steps. However, as recommended
by PypeIt documentation, in anticipation of co-adding
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tion was turned o↵. Then, one of the sky flats (dome
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duced as a science frame to provide relative scale correc-
tion in the co-addition step. The resulting 2D science
spectra were co-added with the pypeit coadd datacube

script to produce spectral data cubes. As the field of
view was entirely within the disk of the host galaxy on
the sky, each science frame was paired with one of the
blank sky exposures to better subtract the sky emis-
sion. During co-addition, the standard-star data were
also employed for flux calibration.
After reduction and fluxing, we corrected the astro-

metric solution of the red and blue cubes. Since no
obvious point source was identified on the cube, we at-
tempted to align the centroids of the three line-emitting
clumps in Figure 9 with the corresponding clumps in
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of Figure 1). To this end, narrow-band maps of H↵
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Figure 1: Temporal variations of various quantities of FRB 20220529. (A) Daily observing
time. (B) Daily number of bursts detected. (C) Daily burst rate of FRBs. Vertical grey dotted
lines present the days with observations, including days with non-detection. (D) Dispersion
measure of all bursts. Blue dots are the bursts detected with FAST and cyan dots are those
detected with Parkes. (E) Linear Polarization fraction of all bursts. (F) The Rotation measure
and its evolution. The horizontal dotted line indicates the contribution of the Milky Way. The
filled blue region indicates the range of the low RM state. A distinct RM flare is clearly seen.
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Figure A1. A representative sub-sample of our bursts. Each subfigure displays the burst’s time series in the top panel, with
the best-fit shown by a red line. The shaded blue region shows the burst duration. Beneath this, dynamic spectra are depicted,
alongside the frequency distribution of power, with the best-fit spectrum indicated by an orange line. The title of each sub-figure
corresponds to its TNS name (* are repeaters). In the top right corner of the time series panel, the DM to which it has been
dedispersed is provided, along with its time resolution. The number of channels utilized is 128. White dashed lines delineate
the extent of bandwidth. Waterfall plots for all the baseband bursts have been presented in CHIME/FRB Collaboration et al.
(2024).
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Figure 1. Dynamic spectra of the bursts (see Table 1), each dedispersed to DM =
560.5 pc cm�3, and using a linear scaling in arbitrary units (the bursts are not flux
calibrated). The plotted dynamic spectra have the following time/frequency resolu-
tions: AO-00: 0.33ms/25MHz; AO-01-13 and GB-01-04: 0.041ms/6.25MHz; GB-BL:
0.041ms/55.66MHz. The narrow horizontal stripes are the result of flagging RFI-
contaminated channels. At the top of each panel, the band-integrated burst profile is
shown, with the colored bars indicating the time spans of the sub-bursts used in the fitting.
Bursts AO-01 to AO-13 are the new bursts detected with Arecibo. For comparison, AO-00
is burst #17 from Scholz et al. (2016); the white lines show the best-fit DM = 559 pc cm�3

for that burst, which deviates significantly from the DM = 560.5 pc cm�3 dispersive correc-
tion displayed here. GB-01 to GB-04 are the four new GBT bursts detected at 2.0GHz,
and GB-BL is one of the 6.5-GHz GBT Breakthrough Listen bursts presented in Gajjar
et al. (2018).

26 Hessels et al.
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