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A B S T R A C T 

FRB 20121102A is the first known fast radio burst (FRB) from which repeat bursts were detected, and one of the best-studied 

FRB sources in the literature. Here we report on the analysis of 478 bursts (333 previously unreported) from FRB 20121102A 

using the 305-m Arecibo telescope – detected during approximately 59 hours of observations between December 2015 and 

October 2016. The majority of bursts are from a burst storm around September 2016. This is the earliest available sample of 
a large number of FRB 20121102A bursts, and it thus provides an anchor point for long-term studies of the source’s evolving 

properties. We observe that the bursts separate into two groups in the width-bandwidth-energy parameter space, which we refer to 

as the low-energy bursts (LEBs) and high-energy bursts (HEBs). The LEBs are typically longer duration and narrower bandwidth 

than the HEBs, reminiscent of the spectro-temporal differences observed between the bursts of repeating and non-repeating 

FRBs. We fit the cumulative burst rate-energy distribution with a broken power law and find that it flattens out toward higher 
energies. The sample shows a diverse zoo of burst morphologies. Notably, burst emission seems to be more common at the 
top than the bottom of our 1150–1730 MHz observing band. We also observe that bursts from the same day appear to be more 
similar to each other than to those of other days, but this observation requires confirmation. The wait times and burst rates that 
we measure are consistent with previous studies. We discuss these results, primarily in the context of magnetar models. 

Key words: methods: data analysis – (transients:) fast radio bursts. 
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 I N T RO D U C T I O N  

ast radio bursts (FRBs) are flashes of radio emission with excep- 
ionally high isotropic equi v alent luminosity that usually last no 
onger than a few tens of milliseconds and originate at extragalactic 
istances (Lorimer et al. 2007 ; Thornton et al. 2013 ; Cordes &
hatterjee 2019 ; Petroff, Hessels & Lorimer 2019 , 2021 ). Hundreds
f FRBs have been detected to date (see the Transient Name 
erver 1 or Petroff et al. 2016 ; The CHIME/FRB Collaboration 2021 ),
ut only approximately 20 of these sources are known to repeat 
e.g. Spitler et al. 2016 ; Shannon et al. 2018 ; Kumar et al. 2019 ;
HIME/FRB Collaboration 2019a , b ; Fonseca et al. 2020 ). Over a
ozen FRBs (both repeating as well as apparently non-repeating) 
ave been localized to a variety of host galaxies (Bhandari et al.
021 ), but the emission mechanism and physical origin remain 
nigmatic. While the repeaters rule out cataclysmic models for at 
 E-mail: dantehewitt@gmail.com (DMH); snelders@astron.nl (MPS); 
.w.t.hessels@uva.nl (JWTH) 
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east some fraction of the FRB population, the models that have been
roposed for FRBs span a wide range of astrophysical scenarios 
for a catalogue of models see Platts et al. 2019 ). Recently, there
as been the noteworthy detection of an extremely bright radio burst
rom the Galactic magnetar SGR J1935 + 2154 (Bochenek et al. 2020 ;
HIME/FRB Collaboration 2020b ), which has strengthened the case 

or magnetars as the engines of FRBs. Even so, the disco v ery of a
earby repeating FRB in a globular cluster shows that not all FRBs
an be young magnetars formed via core collapse (Kirsten et al. 2022 )
though they may be, in some cases, young magnetars formed via

ccretion-induced collapse or binary merger. 
It remains unclear whether the repeating and apparently non- 

epeating FRBs come from physically distinct source types. Recently, 
t has been shown that the burst properties of repeating and non-
epeating FRBs are statistically different, with repeaters on average 
xhibiting larger temporal widths and narrower bandwidths (Pleunis 
t al. 2021a ; The CHIME/FRB Collaboration 2021 ). Additionally, 
any repeater bursts display complex time-frequency downward- 

rifting structure (the ‘sad-trombone’ effect; Hessels et al. 2019 ). 
nother commonality that seems to be emerging among repeating 

ources, is near 100 per cent linear polarization, a very low circular

http://orcid.org/0000-0002-5794-2360
http://orcid.org/0000-0003-0510-0740
http://orcid.org/0000-0003-4193-6158
http://orcid.org/0000-0002-3775-8291
http://orcid.org/0000-0002-0152-1129
http://orcid.org/0000-0002-8965-6203
http://orcid.org/0000-0002-2551-7554
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olarization fraction and polarization position angles (PPAs) that
emain approximately constant between and during bursts (Michilli
t al. 2018b ; Nimmo et al. 2021 ). While there have been a small
umber of detections of circular polarization in repeater bursts
Hilmarsson et al. 2021a ; Kumar et al. 2022 ) and swinging PPAs (Luo
t al. 2020 ), the non-repeating FRB population shows more diverse
olarimetric properties (e.g. Day et al. 2020 ). These differences in
he burst properties of repeaters and apparent non-repeaters could
ndicate different emission mechanisms, different progenitors, and/or
ifferent local environments. 
FRB 20121102A is the first FRB source from which multiple

ursts were detected (Spitler et al. 2014 , 2016 ). This repeating
ature allowed for follow-up observations that localized the source
o near a star-forming region in a dwarf galaxy at redshift z = 0.193
Bassa et al. 2017 ; Chatterjee et al. 2017 ; Tendulkar et al. 2017 ) and,
oreo v er, a milliarcsecond association of the bursts with a persistent

ompact radio source (Chatterjee et al. 2017 ; Marcote et al. 2017 ).
he most recent dispersion measure (DM) values of the bursts from
RB 20121102A are 563.5 ± 0.8 pc cm 

−3 on MJD 57836 (Platts et al.
021 ) and 565.8 ± 0.8 pc cm 

−3 for the period between MJD 58724
nd MJD 58776 (Li et al. 2021 ). Li et al. ( 2021 ) also estimated that
his DM is increasing by approximately 1 pc cm 

−3 yr −1 . Moreo v er,
here is an evidence that this secular DM increase is non-linear
Jahns et al. 2022 ,; Seymour et al., in preparation). Michilli et al.
 2018b ) showed that FRB 20121102A has an extremely large and
ariable rotation measure (RM ∼ 10 5 rad m 

−2 ), demonstrating that
he bursts originate from a source embedded in an extreme and
ynamic magneto-ionic environment. In contrast to the DM, the
M of the bursts is decreasing by an average of ∼15 per cent per
ear (Hilmarsson et al. 2021b ). Plavin et al. ( 2022 ) showed that
he source depolarizes towards lower frequencies, possibly because
f minor non-uniformities in the Faraday screen (they find that
he Faraday width of the burst environment is only approximately
.1 per cent of the total Faraday rotation). 
FRB 20121102A is in many ways the prototypical repeating

RB. As with other repeaters, the burst profile and spectrum vary
ignificantly from burst to burst. Furthermore, the burst activity of
RB 20121102A appears to be frequency dependent, an aspect that
as not been well studied in most other sources (though see, e.g.
leunis et al. 2021b ). While thousands of bursts were detected

n less than two months in the 1–2 GHz range (Li et al. 2021 ),
nly one burst has been detected in the 400–800 MHz range (more
pecifically at ∼600 MHz; Josephy et al. 2019 ) despite years of nearly
aily monitoring by the Canadian Hydrogen Intensity Mapping
xperiment Fast Radio Burst Project (CHIME/FRB). On the other
 xtreme, the highest frequenc y at which bursts have been detected
rom FRB 20121102A (and from any FRB for that matter) is ∼8 GHz
Gajjar et al. 2018 ). From a temporal point of view, the bursts
rom FRB 20121102A are clustered in time (Oppermann, Yu &
en 2018 ), but show no evidence of a rotational period underlying

heir times-of-arri v al (Zhang et al. 2018 ; Aggarwal et al. 2021 ).
nalysis of burst data o v er fiv e years has, ho we ver, resulted in an

ctivity period of ∼160 d and a duty cycle of ∼55 per cent (Rajwade
t al. 2020 ; Cruces et al. 2021 ). FRB 20121102A is one of only two
nown FRB sources with a long-term periodicity: The other being
RB 20180916B, which has a well-established activity period of
6.35 d with an activity window of ∼5 d. (Chime/Frb Collaboration
020a ). 
Various models have been proposed to explain the repeating

ature and periodic activity of some FRBs, typically by either
nvoking precession of a neutron star (NS; e.g. Levin, Beloborodov &
ransgro v e 2020 ; Sob’yanin 2020 ; Yang & Zou 2020 ; Zanazzi & Lai
NRAS 515, 3577–3596 (2022) 
020 ), the rotational period of a NS (e.g. Beniamini, Wadiasingh &
etzger 2020 , although such slow-rotating magnetars have not yet

een observed) or the orbital period of a NS in a binary system with
nother astrophysical object (e.g. Gu, Yi & Liu 2020 ; Lyutikov,
arkov & Giannios 2020 ; Du et al. 2021 ; Sridhar et al. 2021 ;
ada, Ioka & Zhang 2021 ; Kuerban et al. 2022 ). The literature

s also divided on the location of the emission region, assuming a
S origin: i.e. whether this is within the magnetosphere of the NS

e.g. Kumar, Lu & Bhattacharya 2017 ), or much further out beyond
he magnetosphere as the result of relativistic shocks (e.g. Metzger,

argalit & Sironi 2019 ). 
The spectro-temporal and polarimetric properties of the bursts,

s well as their energetics and the evolution of these factors, are
ll valuable probes for constraining and differentiating between
rogenitor models. The short time intervals between bursts, as well
s the high burst rate detected by FAST (Five hundred meter Aperture
pherical Telescope) fa v our those models where b urst genesis occurs

n the magnetosphere (Li et al. 2021 ). Burst structure down to ∼4 μs
nd ∼60 ns is detected in FRB 20180916B and FRB 20200120E,
espectively (Nimmo et al. 2021, 2022 ). Ignoring relativistic effects,
hese durations correspond to an emission region from ∼100 m to
 few km in size, which arguably supports magnetospheric models
Beniamini & Kumar 2020 ). The sad-trombone effect, on the other
and can be explained as a radius-to-frequency mapping effect
n magnetospheric models (Lyutikov 2020 ), but is also a natural
onsequence of models invoking a synchrotron maser (e.g. Metzger
t al. 2019 ; Margalit et al. 2020 ). 

Through a monitoring proposal (P3054; PI: L. Spitler), the Arecibo
bservatory’s 305-m telescope has been used to detect o v er a

housand bursts from FRB 20121102A since its disco v ery (see also
ahns et al. 2022 ). In this paper, we present analysis of the earliest
bserved burst storm of FRB 20121102A. In Section 2 , we describe
he observations and our search analysis used to disco v er the bursts
resented in this work. In Section 3 , we present the search results and
xplain how the burst properties have been measured. We describe
ow we classify bursts as either ‘low-energy bursts’ or ‘high-energy
ursts’, and e v aluate the statistical significance of this classification.
e also explain our procedures of fitting power laws to the energy

istribution of the detected bursts. In Section 4 , we investigate how
he classification of low- and high-energy bursts relates to what is
nown from other FRBs. Furthermore, we discuss the results of
he energy and spectro-temporal properties of this sample of bursts.
inally, in Section 5 we summarize our main findings. 

 OBSERVATI ONS  A N D  SEARCH  F O R  BURSTS  

e observed FRB 20121102A with the 305-m William E. Gordon
elescope at the Arecibo Observatory using the L-wide receiver.
n this paper, we report on 56 observations that sum to ∼59 hr
n source. These observations were conducted on different days,
ometimes consecutive, between November 2015 and October 2016,
nd are summarized in Table 1 . The data were recorded using the
uerto-Rican Ultimate Pulsar Processing Instrument (PUPPI) back-
nd recorder, 2 which records from 980–1780 MHz and provides a
ime resolution of 10.24 μs and 512 frequency channels of width
.56 MHz. The L-wide receiver has a smaller observing frequency
ange of 1150–1730 MHz, and the data outside this frequency
ange are excluded from analysis. These data were coherently
edispersed within a channel to a DM of 557.0 pc cm 

−3 , the best

http://www.naic.edu/puppi-observing/


FRB 20121102A burst storm in 2016 3579 

Table 1. Observation log. 

Topocentric Start MJD Duration (s) Nr of Bursts Burst Rate (hr −1 ) 

57342.225104167 5753.9 0 0 
57343.223344907 6747.7 0 0 
57344.224456019 6421.4 0 0 
57345.227222222 3000.1 0 0 
57345.263599537 1300.3 0 0 
57345.280393519 971.9 0 0 
57352.220868056 2705.5 0 0 
57364.196805556 245.4 1 14.7 
57381.179918981 1534.4 0 0 
57388.099490741 5858.8 0 0 
57391.152835648 1200.8 0 0 
57391.131307870 1700.2 0 0 
57410.039421296 6485.3 0 0 
57413.040474537 6058.0 0 0 
57418.019942130 6362.4 0 0 
57420.016736111 465.2 0 0 
57420.023229167 524.2 0 0 
57420.029490741 606.5 0 0 
57420.036678241 605.9 0 0 
57420.043888889 598.4 0 0 
57420.050983796 603.2 0 0 
57420.058148148 602.0 0 0 
57420.065289352 619.2 0 0 
57428.986134259 6774.8 0 0 
57429.988379630 6487.5 0 0 
57504.819814815 625.5 0 0 
57504.833935185 2175.1 0 0 
57506.804212963 4262.7 1 0.8 
57510.801192130 3579.1 4 4.0 
57511.836574074 292.8 0 0 
57512.759571759 6709.4 0 0 
57513.786701389 4125.2 1 0.87 
57514.809259259 1945.5 0 0 
57523.730046296 6659.5 0 0 
57571.597083333 6831.0 0 0 
57578.579027778 6661.3 0 0 
57586.561643519 6351.8 0 0 
57594.541250000 6232.9 0 0 
57607.507083333 6326.2 10 5.7 
57614.479687500 7179.5 48 24.1 
57621.460729167 6818.5 0 0 
57628.446423611 3615.3 44 43.8 
57638.448877315 3831.5 39 36.6 
57640.412835648 808.3 10 44.5 
57640.435451389 307.4 1 11.7 
57640.464143519 2277.3 10 15.8 
57641.438032407 4059.9 34 30.1 
57642.439664352 3683.7 8 7.8 
57644.407719907 5967.1 56 33.8 
57645.409861111 5545.3 76 49.3 
57646.394166667 3751.5 24 23.0 
57648.393437500 6036.4 29 17.3 
57649.394710648 5672.7 26 16.5 
57650.380810185 6595.3 15 8.2 
57666.338912037 6723.1 41 22.0 
57671.374085648 2501.7 0 0 
Total 212386.1 478 –
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M measurement at the time of the observations, which effectively 
educes intra-channel dispersive smearing to < 30 μs given a true 
M of 560.5 pc cm 

−3 (Hessels et al. 2019 ). 
Prior to searching for bursts, we downsampled the data using 
srfits subband , 3 resulting in 64 channels of 12.5 MHz and a

ime resolution of 81.92 μs. Using PRESTO 4 (Ransom 2001 ), the
ata were searched for bursts by first incoherently dedispersing 
he time series using prepsubband , for 77 equally spaced trial
Ms in the range 554.90–570.10 pc cm 

−3 (steps of 0.2 pc cm 

−3 ). No
adio frequency interference (RFI) masks were applied, in order to 
revent masking very bright bursts. After this, the de-dispersed time 
eries were searched with single pulse search.py , which 
mplements matched boxcar filtering. Our search was most sensitive 
o bursts with boxcar widths between 81.92 μs and 24.58 ms. We
earched down to the events with a S/N of six, as provided by
ingle pulse search.py . The detected events were grouped 

nto burst candidates using SpS 5 (Michilli et al. 2018a ). Events
ithin 20 ms and 1 pc cm 

−3 are grouped together at first. This chosen
ime window for grouping is moti v ated by the typical burst duration.
ince each grouped burst is manually inspected o v er a larger time
ange, it is then possible to identify these bursts as multiple bursts,
nd/or to find additional weaker bursts that are closely spaced in
ime. 

The candidates were then classified with FETCH 6 (Fast Ex- 
ragalactic Transient Candidate Hunter; Agarwal et al. 2020 ), a 
upervised deep-learning algorithm that uses deep neural networks 
o classify burst candidates. FETCH has been trained on simulated 
RBs and real RFI from the Green Bank Observatory’s (GBT) L -band
ata (comparable frequencies to the Arecibo data presented in this 
aper). There are eleven models that all perform well on GBT data,
nd have also proven very successful at detecting FRBs with S/N >

0 in ASKAP (Australian Square Kilometre Array Pathfinder) and 
arkes data. Since the Arecibo Observatory has additional disparate 
ources of RFI, and since we also probe to a lower S/N than the
raining data, we first e v aluated the performance of the different

odels through manual inspection using previously searched data 
ets which contained 41 known bursts (Gourdji et al. 2019 ). We
ound that model H performed the best at identifying true bursts. We
anaged to reco v er all bursts except for B33 (which is missed by all

vailable models) from Gourdji et al. ( 2019 ). In Jahns et al. ( 2022 ),
here their data are very similar 7 to those presented in this paper,

hey calculated the completeness of FETCH. When compared to a 
ompletely human-labeled classification, they also found that model 
 misses the least amount of bursts. In their analysis, they found that
0 per cent of the bursts that are missed have a S/N < 8 – the minimum
/N that FETCH has been trained on. They also find that, in their case,
4 per cent of the bursts with S/N < 8 deemed real (by eye) score
 probability p < 0.5. They note that FETCH manages to recover
6 per cent of the bursts with S/N ≥ 8 and mention that the ones that
re missed, are strongly affected by (broad-band) RFI. All diagnostic 
lots of our candidates to which model H assigned a probability p ≥
.5 had to undergo two independent by-eye inspections to be deemed
rue astrophysical bursts. 
MNRAS 515, 3577–3596 (2022) 

 https:// github.com/demorest/ psrfits utils 
 https:// www.cv.nrao.edu/ ∼sransom/presto/ 
 https://github.com/danielemichilli/SpS 
 ht tps://github.com/devanshkv/fet ch 
 The same telescope, receiver, back end, and source but a f actor of 8 higher 
requency resolution. 

https://github.com/demorest/psrfits_utils
https://www.cv.nrao.edu/~sransom/presto/
https://github.com/danielemichilli/SpS
https://github.com/devanshkv/fetch
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Two out of our 56 data-sets have previously been analysed by both
ourdji et al. ( 2019 ) and Aggarwal et al. ( 2021 ). Aggarwal et al.

 2021 ) also miss B33 from Gourdji et al. ( 2019 ), and speculate that
t may be due to the narrow-bandedness and low S/N of the burst.
dditionally, Hessels et al. ( 2019 ) have reported on 14 bright bursts

hat are also included in our analysis here. We emphasize that even
espite the large number of bursts found, there are possibly still a
mall number of bursts being missed due to the range of our boxcar
idths used in searching, S/N-limitations and the model predictions
f FETCH . Our sensitivity to bursts, some factor shorter or longer than
ur minimum and maximum boxcar lengths decreases as a function
f the square root of said factor. Furthermore, we do not implement
ny subbanded searches, which means we are less sensitive to very
arrow-band bursts from FRB 20121102A (bursts that e xtend o v er
ess than approximately a third of the observing bandwidth). 

 RESULTS  A N D  ANALYSIS  

 total of 478 bursts were determined to be of astrophysical origin
n these observations, most of which were low S/N (see Fig. B1 ).
he majority (333) of these bursts have not been reported before.
ue to the grouping of pulses within 20 ms into burst candidates,

here were a small number of instances ( ∼7 per cent) where other
earby, much fainter bursts were also visible in addition to those
ulses classified by FETCH . These bursts have been included in the
otal number of 478. Distinguishing between bursts and sub-bursts
s non-trivial and becomes ambiguous at a certain level. In order to
o so, we thus implemented the following definition: If a distinct
aussian-like component in the frequenc y-av eraged burst profile
oes not smear into other components but instead begins and ends
t a baseline comparable to the noise, it is defined as a burst, unless
he component exists as one of the downward-drifting components
ften seen from repeaters (the sad-trombone effect), in which case
e define it as a sub-burst. Fig. 1 shows the dynamic spectra of a sub-

ample of bursts that are either bright, short-duration or narrow-band,
r have complex time-frequency structure. We do not see any clear
pward drifting bursts (a ‘happy trombone’ effect) in this sample. 
All bursts were dedispersed to a DM of 560.5 pc cm 

−3 , determined
y Hessels et al. ( 2019 ), which maximized the band-integrated
tructure of the bursts and provided a smaller range (more than an
rder of magnitude) in the inferred DMs of the bursts than the DM
hat optimizes peak S/N. To read in the fits files, we make use of the
srfitsFile.read subint function from the psrfits.py
cript of PRESTO , which reads in sub-intervals from a fits file. When
oing so, the scales, weights, and offsets had to be explicitly applied
o prevent saturation of the brighter bursts as a result of previous
o wnsampling. Gi ven that the Arecibo observations in Hessels et al.
 2019 ) are a sub-sample of the observations presented here, we
hoose this DM and assume that any change in the DM o v er the
ourse of our observations is ne gligible. F or each burst dynamic
pectrum, the channels in which RFI were present were flagged and
xcluded from further processing. The dynamic spectra were then
orrected for bandpass variations by subtracting the off-burst mean
nd dividing by the off-burst standard deviation, per channel. In
ig. 1 , in addition to dynamic spectra, we also show a time averaged
pectrum, a full-band averaged burst time profile, and the burst time
rofile obtained by only averaging over the frequencies where the
urst is present (the 2 σ region of a one-dimensional Gaussian fit to
he burst spectrum). A one-dimensional Gaussian function is also
t to each full-band burst profile. The burst spectra are produced
y time-averaging the dynamic spectrum over the 2 σ region of this
aussian fit. The 2 σ regions of both Gaussian fits are indicated by
NRAS 515, 3577–3596 (2022) 
reen (and blue) shaded regions. We define the temporal width of a
urst as the FWHM of the band-limited burst profile, and bandwidth
s the 2 σ region of the fit to the spectrum. We calculated the fluence
f a burst by summing o v er the 2 σ time region of a burst and then
ultiplying each channel of the spectrum with a channel-specific

caling based on the radiometer equation. Thereafter, the mean of
he on-pulse spectrum is multiplied with the sampling time. This is
qui v alent to taking the product of the sampling time, the normalized
ime-profile and the radiometer equation. 

 = 

∑ 

S/N 

SEFD( ν, θz ) √ 

N p νch t samp 
× t samp (1) 

here S / N is the signal-to-noise ratio per channel, SEFD( ν, θz ) is
he system equi v alent flux density of Arecibo, which is dependent
n the observing frequency ( ν) and the zenith angle ( θz ), N p is
he number of polarizations (2 for the Arecibo L-wide receiver),
ch is the bandwidth of a single channel and t samp the sampling

ime. In the literature, the gain ( G ) and system temperature ( T sys ) of
recibo have typically been approximated as 10.5 K Jy −1 and 30 K,

espectiv ely. We hav e modelled the SEFD ( = T sys / G ) as a function
f observing frequency and zenith angle, by fitting an exponential
unction to system performance measurements taken with the L -band
ide receiv er o v er a few years. 8 The sensitivity decreases as zenith

ngle increases and frequency decreases. This approach impro v es
pon the standard convention of using one average value, as an SEFD

2.9 Jy (often used in literature) can underestimate the SEFD by
 25 per cent on average. 
Finally, the isotropic equi v alent burst energy, 9 E , is calculated as

ollows 

 = 

4 πF �νD 

2 
L 

1 + z 
(2) 

here z is the redshift, F is the fluence of the burst (calculated only
 v er the time- and frequenc y-e xtent of the burst), �ν is the bandwidth
f the burst and D L is the luminosity distance to the host galaxy of
RB 20121102A (972 Mpc; Tendulkar et al. 2017 ). 
The fluence of a burst can be calculated either o v er the entire

bserving frequency range (often the central observing frequency is
sed to offset the effect of varying instrumental bandwidths) or only
 v er the extent of the burst. Common practice (e.g. Law et al. 2017 )
nd recent recommendation (e.g. Aggarwal 2021 ) has preferred the
atter. Importantly, ho we ver, when the isotropic equi v alent energy is
omputed, one needs to consider the same frequency range as for
he fluence estimation. Inconsistency in this matter may result in
ertain features of the burst energy distribution being diminished or
ccentuated. 

.1 Grouping bursts and comparing groups 

n Fig. 2 , the burst widths have been plotted against their
sotropic equi v alent energy, while also being coloured according
o their observed bandwidth within the 1150–1730 MHz range we
ecorded. Our sample of bursts splits into two distinct groups
n this three-dimensional parameter space. We refer to these two
roups as the low-energy bursts (LEBs) and high-energy bursts
HEBs). We employed a Gaussian mixture models (GMM) clus-
ering algorithm using the GaussianMixture.fit method in

http://www.naic.edu/~astro/RXstatus/


FRB 20121102A burst storm in 2016 3581 

Figure 1. Dynamic spectra of a sub-sample of the 478 detected bursts from FRB 20121102A. This sample contains bursts that are extremely bright, exhibit 
complex morphology, or inhabit the extremes of the observing frequency range. Table B1 is a sample of an online table which contains all 478 bursts and their 
properties. All bursts have been dedispersed to a DM of 560.5 pc cm 

−3 . The horizontal white stripes are channels that have been excised in order to remove radio 
frequency interference. The top panel of each thumbnail shows two burst profiles: one from summing over the entire observing band (in grey) and a second from 

only summing o v er the spectral extent where the burst is detected (in black). The panels on the right show the on-pulse time-averaged spectra. The green shaded 
areas indicate the 2 σ region of Gaussian fits to the burst profile and spectrum. In case where multiple bursts are present within a few tens of milliseconds, blue 
and darker green shaded areas indicate the 2 σ region for these additional b ursts. The b urst number is displayed in the top right of each thumbnail. The dynamic 
spectra have been downsampled to a time and frequency resolution of 327.68 μs and 12.5 MHz, respectiv ely. F or visual purposes, the dynamic range of the 
colour scale is adjusted to saturate below the fifth percentile and abo v e 95 per cent of the peak signal. Frequency and time axes are scaled equally to highlight 
the diversity in burst morphology. Three of the bursts displayed abo v e were also presented in Hessels et al. ( 2019 ) at higher time resolution with ‘AO’ names: 
B125 (AO-02), B193 (AO-05), B209 (AO-06). 
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he sklearn.mixture package 10 (Pedregosa et al. 2011 ) to 
etermine which bursts belong to which group. GMM clustering 
lgorithms assume that all data points are from a combination of a
nite number of Gaussian distributions – this is not necessarily true 
or our data, but we only use this clustering method as a quantitative
eans of classifying bursts as LEBs or HEBs. We disregard band- 
idth and only take into account the temporal width and isotropic

qui v alent energy parameters (both in logarithmic space) for the 
lustering. We did so, firstly, because the burst divide is most obvious
n the width-energy plane. Secondly, the bandwidth is constrained 
y the maximum observing frequency range. While the bursts in 
0 ht tps://scikit -learn.org/stable/

p
m  

e  
ur sample are also restricted to a range of temporal widths (due
o boxcar lengths being searched) and energies (due to sensitivity 
imitations), the bandwidth is the only parameter where an abrupt 
ut-off is visible in its distribution. We use the isotropic equi v alent
nergy density, which is dependent on the observed burst bandwidth 
and, importantly, differs from the intrinsic burst bandwidth). We 
ave refrained from estimating the missing flux/energy outside the 
bserving window since the spectrum of the more complex bursts 
re non-trivial to model and we believe a one-dimensional Gaussian 
unction to be an o v ersimplification. If instead, we make use of
pectral energy density (erg/Hz), we are able to remo v e the energy
arameter’s dependence on bandwidth. Fig. 2 has been replotted 
aking use of spectral energy density rather than isotropic equi v alent

nergy density in Fig. B2 . While the separation between LEBs and
MNRAS 515, 3577–3596 (2022) 
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Figure 2. The 478 b ursts ha ve been clustered into two groups based on their width and energy as defined in Section 3.1 , and these two clusters are depicted 
here as circles (the low-energy bursts, or LEBs) and triangles (the high-energy bursts, or HEBs). a: The width (FWHM) distributions of the bursts. The grey and 
black histograms correspond to the bursts indicated by circles (LEBs) and triangles (HEBs), respectively. b: The cumulative b urst number -energy distrib ution. 
The data points are coloured according to the observed bandwidth of the bursts and correspond to the data points shown in panel c. c: The burst width plotted 
against the isotropic equi v alent energy for all bursts. The detection thresholds for bursts with a S/N of six and various bandwidths (multiples of 100 MHz) are 
indicated by slanted dashed lines, which are also coloured according to observed bandwidth using the same scale as for the data points. d: Same as panel a, but 
for isotropic equi v alent burst energy rather than temporal width. 
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EBs diminishes, two groups are still visible. This metric is also
ot completely unbiased since, in some instances, bursts extend
eyond the observable frequency range of the receiver. In such cases,
e divide by an observed bandwidth that may be lower than the

ull spectral extent of the burst. We thus adhere to using isotropic
qui v alent energy, but note that the differences that we see between
he HEBs and LEBs are much greater than what one would expect
f arising solely from a change in bandwidth (on which the isotropic
qui v alent energy is dependent). In Fig. 2 , the LEBs and HEBs have
een plotted as circles and triangles, respectively. A total of 435
ursts were classified as LEBs and 43 as HEBs. Note that the LEBs
ypically have lower bandwidths than HEBs, and also larger temporal
idths. 
To determine whether the LEBs and HEBs can be drawn from

he same parent population, we applied Kolmogoro v–Smirno v (KS),
nderson–Darling (AD), and Epps–Singleton (ES) tests using the
s 2samp , anderson ksamp , and epps singleton 2samp
ethods from the scipy.stats package. 11 The critical value for
NRAS 515, 3577–3596 (2022) 

1 https://docs.scip y.org/doc/scip y/r efer ence/stats.html 

f  

d  

p  
he KS test is approximately D = c( α) 
√ 

n 1 + n 2 
n 1 n 2 

≈ 0 . 26, where c ( α) =
.63 is a coefficient corresponding to a significance level ( α) of
.01, n 1 = 435, and n 2 = 43 are the number of bursts classified as
EBs and HEBs, respectively. A KS-statistic, larger than this value,
r, equi v alently, a small p -value ( < 0.001), can be used to reject
he hypothesis that the samples are drawn from the same parent
opulation. For the ES-test, we followed the recommendation of
pps & Singleton ( 1986 ) and set the values where the empirical
haracteristic function will be e v aluated to t = (0.4, 0.8). The results
f all these statistical tests are tabulated in Table 2 . All three tests
oncur that we can reject the hypothesis that the bandwidth, width,
nd fluence distributions between the two groups can be drawn from
he same parent population. 

To ensure that, the statistically significant dissimilarity we see
etween the LEBs and HEBs is not merely the effect of a few outliers,
e made use of a quasi- bootstrapping resampling method, whereby
e ran 1000 trials, randomly resampling 10 per cent of the bursts

rom both the LEBs and HEBs by drawing from the LEB and HEB
istributions, respectiv ely (with replacement). F or each trial of each
arameter (width, bandwidth, and fluence) we calculated the KS, AD,

art/stac1960_f2.eps
https://docs.scipy.org/doc/scipy/reference/stats.html
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Table 2. The statistical test results from the comparison between LEB and 
HEB properties. 

KS statistic p -value Bootstrapping p -value 

Width 0.47 3.0 × 10 −8 8.5 × 10 −8 

Bandwidth 0.56 3.8 × 10 −12 1.3 × 10 −10 

Fluence 0.63 2.0 × 10 −15 1.0 × 10 −13 

AD statistic p -value Bootstrapping p -value 
Width 22.9 < 0.001 < 0.001 
Bandwidth 50.5 < 0.001 < 0.001 
Fluence 54.2 < 0.001 < 0.001 

ES statistic p -value Bootstrapping p -value 
Width 63.3 5.9 × 10 −13 3.8 × 10 −10 

Bandwidth 86.8 6.1 × 10 −18 1.4 × 10 −12 

Fluence 39.9 4.6 × 10 −8 1.7 × 10 −6 
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nd ES statistic and accompanying p -value. The mean p -values of
his investigation are also in Table 2 , and confirm that the statistical
ignificance of our results is not dominated by a small number of
utliers. 

.2 Burst energetics 

n order to estimate the completeness, limit of our observations, 
e assume a burst with a S/N of six that has a temporal width of
.00 ms and a bandwidth of 275 MHz. These are the median values
or width and bandwidth for all the bursts in our sample. Making use
f equations ( 1 ) and ( 2 ), we can then estimate the fluence or energy
hreshold below which our burst sample is incomplete. This limit 
s ∼0.057 Jy ms, or ∼1 . 5 × 10 37 erg. Assuming a worst case instead
f using the median values quoted abo v e, this limit is increased to
5 . 5 × 10 37 erg. 
The cumulative energy distribution is usually approximated as a 

ower-law R ( > E ) ∝ E 

γ , where R is the burst rate for bursts abo v e
ome energy E and γ is the slope of the power law. Fitting for
 single power law has proven to likely be an oversimplification 
hen considering data o v er man y orders of magnitude (Cruces et al.
021 ). Moreo v er, Aggarwal ( 2021 ) hav e sho wn that the narro w-
andedness of bursts can greatly affect the shape of the observed 
nergy distribution. Because many bursts are cut-off at the top or
ottom of the observing window, energy distributions typically do not 
epresent the energy distribution of bursts but rather of the emission
ithin the observing frequency range. One can estimate the missing 
ux by assuming the spectral shape of the burst (which vary a lot
etween bursts) or by only selecting the bursts that appear to be fully
ithin the observing windo w. This, ho we ver, also introduces a bias as

he brightest broad-band bursts will then be excluded. Approximating 
he energy distribution using slightly more complicated functions, for 
nstance a broken power law (Aggarwal et al. 2021 ) or a combination
f a log-normal and Lorentz function (Li et al. 2021 ) have yielded
etter results. As it has been discussed in Gourdji et al. ( 2019 ),
orrectly estimating the completeness threshold will also affect the 
nterpretation of the results. 

The rate-energy distribution of our sample of bursts can be seen 
n Figs 2 b and 3 . We used scipy.optimize.curvefit 12 to 
t a power law and a broken power law to the energy distribution
f our sample of bursts and subsets thereof. For the power-law fits,
e excluded bursts that are below our calculated energy sensitivity 
2 https://docs.scip y.org/doc/scip y/r efer ence/gener ated/scipy.optimize.curv 
 fit.html 

c
o  

T  
hreshold (i.e E iso < 1.5 × 10 37 erg), which make up ∼8 per cent
f the total sample (when fitting the broken power law we make
se of a very conserv ati ve sensiti vity threshold of 5.5 × 10 37 erg
o ensure that we fit the kink in the energy distribution at higher
nergies and not the turno v er due to loss of sensitivity at lower
nergies). These thresholds are indicated by red vertical lines in 
ig. 3 and the turn-o v er at low energies due to our sensitivity loss

s also apparent here. The best fitting was that of a broken power
aw to all the bursts abo v e the conserv ati ve sensiti vity threshold.
his fit yielded a break energy of E break = 1.15 ± 0.04 × 10 38 erg,
ith power-law slopes of −1.38 ± 0.01 where E iso < E break , and
1.04 ± 0.02 where E iso > E break when considering all bursts abo v e

he sensitivity threshold. We then repeated the process, only selecting 
he bursts abo v e our sensitivity threshold that are mostly within the
and (the 2 σ region of the Gaussian fit to the spectrum is within
he observing range of 1150–1730 MHz) or which have a bandwidth
arger than 500 MHz. This is done in an attempt to only account
or those bursts for which we measure a significant fraction of the
uence. This yielded E break = 1.3 ± 0.1 × 10 38 erg, with power-law
lopes of −0.96 ± 0.02 where E iso < E break and −0.68 ± 0.03 where
 iso > E break . The results of these power-law fits (and power-law
ts to the LEBs and HEBs, separately) are presented in Table B2 .
urthermore, we estimated the power-la w inde x using the maximum

ikelihood method for different completeness thresholds, as described 
y Cra wford, Jaunce y & Murdoch ( 1970 ), and James et al. ( 2019 ),
ut the power-la w inde x does not to converge towards a single value
see the right-hand panel of Fig. 3 ). This suggests that the energy
istribution is not well described by a single power law. 

 DI SCUSSI ON  

.1 Energy distribution 

he energy distribution of bursts from FRB 20121102A has been 
tudied by various other authors (Law et al. 2017 ; Gourdji et al.
019 ; Oostrum et al. 2020 ; Aggarwal et al. 2021 ; Cruces et al. 2021 ;
i et al. 2021 ). These authors have found dif ferent po wer-law slopes
 v er different energy regimes (summarized in Table 3 ). Making use
f the maximum likelihood method described in Section 3.2 , these
uthors find power-law slopes between −1.1 and −1.8. Notably Law 

t al. ( 2017 ) find a less steep average power-law index of ∼−0.7,
rrespective of the burst frequencies (1.4 and 3.0 GHz bands) and
 urst rate, b ut only ha v e a v ery small sample of bursts. The values
e obtain here, for a broken power-law fit, are roughly consistent with

hose reported by Jahns et al. ( 2022 ), who found power-law indices
f −0.85 and −1.47 abo v e and below a break energy of 1.6 × 10 38 ,
espectively, but slightly flatter than what Aggarwal et al. ( 2021 )
nd ( −1 . 8 ± 0 . 2 > E ≈ 2 × 10 37 erg) by fitting a broken power law.
he power-law index appears to be steepening from higher to lower
nergies, before decreasing again as the incompleteness regime is 
ntered. We also observe that the power-law index is potentially 
hanging from day to day, but lack the number of bursts required
o concretely quantify this. This behaviour is also seen in Arecibo
bservations of FRB 20121102A a few years later in 2019 (Jahns
t al. 2022 ). More observations, o v er longer periods, are required to
e veal ho w the time-dependent nature of the energy distribution – as
een in Li et al. ( 2021 ) – affects the slope of the energy distribution.

Highly magnetized neutron stars are promising candidates for 
omparison of burst energy distributions, by reason of the multitude 
f theories which advocate for them as the progenitors of FRBs.
he power-law indices fit to the energy distributions that we and
MNRAS 515, 3577–3596 (2022) 
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Figure 3. Left: The cumulative energy distribution o v erplotted with a broken power-law fit that excludes bursts below the conserv ati ve sensiti vity threshold 
(5.5 × 10 37 erg). The vertical red line indicates the sensitivity threshold assuming a burst with a S/N of six and the mean burst properties of this sample, while 
the lighter red line indicates the conserv ati ve sensiti vity threshold. The black dashed line illustrates the broken power-law fit to the data, with the black vertical 
line indicating the break of the power-law fit. Right: the power-la w inde x as a function of threshold energy calculated using a maximum-likelihood estimation. 
The horizontal dashed lines indicate the power-law indices obtained from fitting a broken power law to the data with a least squares method. Vertical lines are 
the same as for the left-hand panel. 

Figure 4. Width-fluence distribution for our Arecibo-detected bursts in blue, as well as for bursts from FAST (Li et al. 2021 ), Effelsberg (Cruces et al. 2021 ), 
Lo v ell (Rajwade et al. 2020 ), and Apertif (Oostrum et al. 2020 ) in black, green, yellow, and grey, respectively. The diagonal lines represent the sensitivity 
threshold of the respective instruments. Side histograms in the left-hand and top panel show the distribution of the burst width and fluence, respectively. These 
histograms have been normalized by the number of bursts reported in each of the respective studies. We caution against o v er-interpretation of the values being 
compared here, since the definition of ‘width’ and method of calculating the fluence are somewhat inconsistent between samples. 
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ther authors have found for FRB 20121102A, are consistent with
oltage scaling models made for magnetars (Wadiasingh et al. 2020 ).
here are a few pulsars, like the Crab pulsar (PSR B0531 + 21),

hat are known to display giant pulses (GPs; Heiles & Campbell
970 ; Staelin 1970 ). GPs are typically very short (sometimes shorter
han a ns) and 2–4 orders of magnitude brighter than normal pulses
e.g Hankins et al. 2003 ; Hankins & Eilek 2007 ). The pulse-energy
NRAS 515, 3577–3596 (2022) 
istribution of the GPs from the Crab pulsar obey a power law (e.g.
rgyle & Gower 1972 ; Lundgren et al. 1995 ; Popov & Stappers
007 ; Karuppusamy, Stappers & van Straten 2010 ), although the
ower-la w inde x is typically much steeper ( −α ≈ 2–3) than for
RB 20121102A. It is also worth noting that the V-shape seen in
igs 2 and 4 is similar to what is seen for GPs from the Crab pulsar,
here the narrower GPs tend to be brighter (Popov & Stappers 2007 ;

art/stac1960_f3.eps
art/stac1960_f4.eps
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Table 3. Observation properties of FRB 20121102A bursts at L -band. 

Telescope SEFD Observing frequency Observing Energy range Power-law 

(Jy) range (MHz) time (hrs) (erg) index 

Apertif a 700 1130–1760 ∼130 ∼7 × 10 38 –6 × 10 39 −1.7 ± 0.6 
Arecibo (This work) 3.5 1150–1730 ∼57 ∼4 × 10 36 –8 × 10 39 See Table B2 
Arecibo b 2.9 1150–1730 ∼3 ∼7 × 10 36 –2 × 10 38 −1.8 ± 0.3 
Effelsberg c 17 1210–1510 ∼128 ∼1 × 10 38 –1 × 10 39 −1.1 ± 0.1 
FAST 

d 1.25 1050–1450 ∼60 ∼4 × 10 36 –8 × 10 39 −0.61 ± 0.04 
– – – ∼3 × 10 38 –8 × 10 39 −1.37 ± 0.18 

Lo v ell e 38 1400–1800 ∼198 – –

Note. a Oostrum et al. ( 2020 ) b Gourdji et al. ( 2019 ) c Cruces et al. ( 2021 ) d Li et al. ( 2021 ), in this case the power-law fit is to the 
isotropic equi v alent energy distribution rather than the cumulati ve-rate energy distribution. e Rajwade et al. ( 2020 ) 
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13 Oostrum et al. ( 2020 ) and Li et al. ( 2021 ) quoted boxcar widths, while 
Rajwade et al. ( 2020 ), Cruces et al. ( 2021 ) and this work define the width as 
the FWHM of a Gaussian fit. 
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aruppusamy et al. 2010 ), ho we ver, the time-scales are much shorter
or the Crab pulsar. 

MeerKAT observations of another young pulsar, PSR J0540-6919, 
ielded hundreds of GPs with a flux distribution that can be fit by
 power law with a very steep slope of −2.75. Interestingly, there
re also deviations from the power-law slope that are seen at all
bserving epochs (Geyer et al. 2021 ), similar to the deviations we
bserve in our power-law fits in this work. Only a small fraction of the
Ps ( < 3 per cent) were detected in a fraction of the band, ho we ver,

mplying that these kinks are not the result of narrow-bandedness. 

.2 High- and lo w-ener gy bursts 

he classification of the bursts into two groups (LEBs and HEBs),
s discussed in Section 3.1 , also appears to be consistent with what
e can infer from the shape of the burst energy distribution. The
reak in the broken power-law fit occurs at, approximately, the same 
nergy where we find the transition between LEBs and HEBs (see 
ig. 3 ). Li et al. ( 2021 ) have reported that the energy distribution of
RB 20121102A can be modelled by a combination of a log-normal 
nd Cauchy distribution. The break in our power-law fit occurs at 
pproximately the same energy as where these two functions in their 
t merge ( ∼10 38 erg). 
The two potential groups of bursts we have identified are unlikely 

o inhabit mutually e xclusiv e areas of the parameter space. Instead,
he burst rate of high-fluence bursts from both groups is lower than
hat of the low-fluence bursts: with sufficient observation time and 
ctivity from FRB 20121102A, the LEBs and HEBs will partially 
 v erlap in their distributions. This can be seen in Fig. 4 where we
lot the fluence against the width of our sample of bursts, as well as
ursts from Rajwade et al. ( 2020 ), Oostrum et al. ( 2020 ), Cruces et al.
 2021 ), and Li et al. ( 2021 ). The details of these other observations are
ummarized in Table 3 . The forward-slanted V-shape seen in Fig. 2
an also be seen here, although less distinctly, and the group of LEBs
s broader and extends down to lower fluences due to the sensitivity
f the FAST observations. We observed for a total of ∼59 hr, ∼39 hr
f which fall within the proposed activity period of FRB 20121102A 

Rajwade et al. 2020 ; Cruces et al. 2021 ). In comparison, Cruces et al.
 2021 ) observed ∼128 hr, ∼75 hr within the activity window, and Li
t al. ( 2021 ) observed ∼60 hr, all within the active period. Given that
hese authors spent more time observing during the active period 
han we did, this illustrates ho w, gi ven suf ficient observ ation time,
arer high-fluence LEBs (and HEBs) will be detected and the two 
roups will appear to merge in the fluence-width parameter space. 
e caution against o v er-interpreting the o v erlap of bursts in this

gure, as widths and fluences are not al w ays defined or calculated
n a consistent manner. 13 Furthermore, the energy distribution of 
he bursts from FRB 20121102A has been seen to change o v er the
ourse of one activity cycle (Li et al. 2021 ). Moreover, in the case
f FRB 20180916B, the burst activity has been shown to drastically
hange from one cycle to the next (Pleunis et al. 2021b ). If the same
echanisms are at play in FRB 20121102A, this further complicates 

he comparison of observations during different activity windows. 
inally, we note that the classification of the lowest-energy bursts 
ith the smallest temporal widths is particularly ambiguous, and can 
e influenced by the energy-metric used, since the LEBs and HEBs
 v erlap in this part of the parameter space. 
In a comparison of burst fluences and luminosities, Shannon et al.

 2018 ) found that FRBs detected by Parkes were on average of
ower fluence, but higher DM than those detected by ASKAP. These
ifferent distributions arise from different telescope sensitivities and 
nstantaneous field-of-view. Nonetheless, the Parkes and ASKAP 

RBs have comparable luminosities (using DM as a proxy for 
istance). Additionally, the energies of bursts originally detected 
rom FRB 20121102A were relatively low, compared to ASKAP and 
arkes one-offs. This may lead one to speculate that the one-offs are

n fact the most energetic bursts detected from repeaters. These FRBs
re all plotted in an adapted version of the fluence-dispersion plot
n Fig. 5 (Shannon et al. 2018 ; Petroff et al. 2019 ). The properties
f bursts from the two groups we identify in Section 3.1, in fact
orrespond to some of the differences observed between one-off and 
epeating FRBs from the CHIME/FRB catalogue (The CHIME/FRB 

ollaboration 2021 ), possibly further supporting this notion: HEBs 
nd CHIME/FRB one-offs are typically broader band and shorter 
uration than LEBs and CHIME/FRB repeater bursts. 
The analogy is, ho we ver, not perfect. The CHIME/FRB Collab-

ration ( 2021 ) have found no evidence to suggest that the fluence
istributions of the bursts from the one-offs and repeaters are different
both CHIME/FRB catalogue one-offs and repeaters are also plotted 
n Fig. 5 ). Neverthelesss, these fluence distributions might not fully
e representative of the underlying populations, as it can also be
een that the majority of current instruments lack the sensitivity to
robe burst fluences below approximately 1 Jy ms. Should the known
epeating FRBs be LEB equi v alents and the observed one-offs be
EB equi v alents, one would not necessarily expect them to have
ifferent fluence distributions. Rather, the burst fluence distributions 
f known repeaters would extend into the territory of one-offs. The
rightest bursts from FRB 20121102A are comparable in luminosity 
o the one-offs detected by ASKAP and Parkes, and the faintest
MNRAS 515, 3577–3596 (2022) 
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Figure 5. Fluence plotted against excess dispersion measure (corrected for 
the inferred Galactic foreground contribution) for the sample of bursts from 

FRB 20121102A detected in this paper (where the black vertical line indicates 
the range of fluences), as well as various other one-off and repeating FRBs. 
The different colours represent FRBs detected by different telescopes. Yellow 

bars indicate the range of fluences detected for CHIME/FRB repeaters. Lines 
of constant luminosity, assuming a DM contribution from the host galaxy 
DM host = 50 cm 

−3 pc, are o v erplotted. Figure adapted from Shannon et al. 
( 2018 ); Petroff et al. ( 2019 ). 
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ursts e xtend be yond the sensitivity threshold of all but FAST (and,
reviously, that of Arecibo). 
Another potential caveat arises when considering a sample of 41

ow-energy bursts from FRB 20121102A (almost all of which are
lso presented here) presented by Gourdji et al. ( 2019 ), who showed
hat the narrow-bandedness of fainter bursts might be explained
y receiver sensitivity that is insufficient to detect fainter sub-
omponents. This argument suggests that the LEBs are merely the
tips of the iceberg’, but on the other hand HEBs possess smaller
emporal widths in general than LEBs, contradicting this notion. 

The strongest potential counter-argument comes from the accumu-
ating evidence in the literature that supports polarimetric differences
etween repeaters and one-offs. If all FRBs are repeaters and known
epeaters are akin to LEBs while kno wn one-of fs are the HEBs,
he polarimetric properties of LEBs and HEBs are expected to
e different. We do not perform any polarimetric studies as the
requency resolution of our data is insufficient to resolve the high
M of FRB 20121102A at our observing frequency, but others have

ound no polarization from any FRB 20121102A bursts at ∼1.4 GHz
Li et al. 2021 ). Polarization is, ho we ver, detected at ∼4.5 GHz
Michilli et al. 2018b ), so the lack of polarization at ∼1.4 GHz
ould potentially be due to the extreme local environment of the
ource imparting depolarization at lower frequencies (Plavin et al.
022 ). Multi-path propagation in a scintillation screen between the
RB source and observer can cause linear depolarization, as well
s impart significant circular polarization (Beniamini, Kumar &
arayan 2022 ). 

.3 Burst di v ersity and the av erage burst spectrum 

lready at the time of FRB 20121102A’s disco v ery as the first known
epeating FRB, Spitler et al. ( 2016 ) remarked on the high variability
etween burst spectra. Many others also have noted the diversity
n both the time and frequency properties of the bursts. That being
aid, the burst morphology of some of the more complex bursts
s remarkably similar: e.g. the precursor bursts observed by Caleb
t al. ( 2020 ) or the similarity between bursts AO-02 and GB-01
n Hessels et al. ( 2019 ). Whether this is a physically meaningful
NRAS 515, 3577–3596 (2022) 
bservation or mere coincidence remains to be seen. This diversity
n the time and frequency properties of the bursts is showcased
n Fig. 1 . The narrowest and widest bursts we detected are 0.5
B205) and 26.0 ms (B107), respectively. The bursts also extend
 v er different frequenc y ranges, with some being v ery narrow-
and (as narrow as ∼65 MHz), while others extend over the whole
bserving bandwidth of 580 MHz. We found no evidence for periodic
ariation in any of the burst properties (see Appendix Figs B3 - B6 ).
e do, ho we v er, observ e that the bursts from the same epoch are,

n average, more similar to each other than to bursts from other
pochs. The irregular burst rate makes this effect especially difficult
o quantify. In Fig. 6 , the observed bandwidth of bursts are plotted
gainst temporal widths for days where more than 40 bursts were
etected. One can see, e.g. that a larger fraction of the bursts from
JD 57614 have larger bandwidths and that the bursts are of shorter

uration compared to MJD 57628. For MJD 57614 and MJD 57628
he median bandwidths and widths are 292 MHz and 1.95 ms and
23 MHz and 5.08 ms, respectively. This might suggest an emission
egion that is evolving over the course of days, but stable over a period
f ∼hours. Ho we ver, the statistical significance of these apparent
imilarities of burst properties within an observing epoch requires
onfirmation. 

Fig. 7 shows two different methods for determining the average
pectrum of the bursts in our sample. In the middle panel, the
ean spectrum of the 435 LEBs and 43 HEBs detected from
RB 20121102A have been plotted as black and grey histograms,
espectively. These S/N-weighted average spectra are obtained by
imply summing the spectra together of all the bursts in a group
nd then dividing by the number of bursts in that group. This plot
hows that, on average, we observed factors of approximately five
ore burst emission at higher observing frequencies than at lower

bserving frequencies, for both the LEBs and HEBs. All spectra have
een corrected for bandpass variations and the effect of decreasing
ensitivity at lower frequencies has already been accounted for by
odelling the SEFD of Arecibo as a function of frequency and zenith

ngle (see Section 3 ). 
The top panel in Fig. 7 shows the SEFD as a function of frequency

or various zenith angles ranging from 14 degrees in dark blue to
9 degrees in yellow (the range covered by FRB 20121102A as it
s transiting at Arecibo). Throughout the observation some channels
ere flagged more than once due the presence of RFI (manifesting as

harp dips in the average spectra in the middle panel). This decrease

art/stac1960_f5.eps
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Figure 7. Top panel: The observational limitations: the red and pink 
histogram sho ws ho w man y times each frequenc y channel was flagged due to 
the presence of RFI for the HEBs and LEBs, respectively. This is given as a 
percentage of the total number of bursts on the right hand y -axis. The SEFDs 
for zenith angles from 14 to 19 degrees (the range co v ered by FRB 20121102A 

as it is transiting at Arecibo), in steps of 1 degree, are shown on the left hand 
y -axis. Middle panel: The spectra obtained from averaging all the spectra for 
the HEBs (in black) and LEBs (in grey). Bottom panel: The percentage of 
bursts for which emission was present in a given channel for the HEBs in 
black and LEBs in grey. 
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14 This FRB is a single 3 s event with sub-second periodicity between sub- 
bursts. 
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n flux density that we observe at lower frequencies is thus not an
ffect of RFI excision. 

The vast majority of bursts occur at the top of our observing band.
e define the spectral extent of a burst as the 2 σ region of a one-

imensional Gaussian fit to the time averaged spectrum of each burst.
n the bottom panel of Fig. 7 , we stacked the spectral extents of all
he bursts to produce an average ‘spectrum’ not weighted by signal 
ntensity. This histogram thus indicates, given a burst detection, at 
hich frequencies the burst emission is most likely visible. Here 
ne can see that fewer bursts are detected at lower frequencies. For
he LEBs, the shape is distinctly Gaussian-like and peaks at around 
600 MHz while dropping off quickly below 1400 MHz. Similarly, 
ourdji et al. ( 2019 ) noted a ‘dearth’ of bursts below 1350 MHz.
he difference in the bandwidths between the LEBs and HEBs noted 
efore is also apparent here. The HEBs are typically broader band. 
e found that the peak of the summed spectral extent remains more

r less constant across our observations (see Appendix Figs B3 –
6 ). We suspect that most, if not all, of the bursts detected at our
ighest observing frequencies extend beyond the observing band. 
he average stacked spectral extents presented here are thus not 
 representation of the a verage b urst, b ut rather the frequency-
ependent burst activity within our observing window. 
Gajjar et al. ( 2018 ) plotted the peak flux density of a number

f bursts in the literature as a function of frequency over a much
arger frequency range of ∼1–8 GHz, and found a relatively flat 
pectral index with no evidence of a spectral turno v er. Both Gajjar
t al. ( 2018 ), as well as Zhang et al. ( 2018 ), do ho we ver find that
he bursts they detected between 4 and 8 GHz seem to have preferred
requencies. This effect is, at least partly, due to Galactic scintillation. 
ur observations, made at lower frequencies where the Galactic 

cintillation bandwidth is much narrower (Hessels et al. 2019 ), 
how that the bursts from FRB 20121102A occur at preferential 
requencies (that likely evolve with time, see Jahns et al. ( 2022 )). 
.4 Acti vity windo w 

n Fig. 8, we illustrate the long-term monitoring of FRB 20121102A,
ince its disco v ery, at ∼1.4 GHz with the Arecibo 305-m telescope.
e also highlight the activity cycles proposed by Rajwade et al.

 2020 ) and Cruces et al. ( 2021 ). Rajwade et al. ( 2020 ) proposed a
eriod of 157 d with a 56 per cent duty cycle, whereas the period
rom Cruces et al. ( 2021 ) is slightly different: 161 ± 5 d with a duty
ycle of 54 per cent. After its disco v ery in 2012 (Spitler et al. 2014 ),
RB 20121102A was monitored again in 2013, and later in 2015
hich resulted in the disco v ery of the first repeat bursts detected

rom an FRB (Spitler et al. 2016 ). Long-term Arecibo monitoring
ommenced around December 2015, but temporarily ceased early 
n 2016. Observations again resumed towards the end of this first
cti vity windo w of 2016, during which a few bursts were detected.
he vast majority of the bursts presented in this paper come from

he burst storm detected during the second active period in 2016.
uring this period and after confirmation of burst detections, we 

ncreased the frequency of our observations to approximately daily 
adence starting from around ∼MJD 57640. The increased cadence, 
nd consequently increased number of burst found, is evident in 
ig. 8 . Now, aware of the activity window of FRB 20121102A,

he lack of detections early in the project can easily be explained
nd supports the case for an activity window of ∼161 d. We do,
o we ver, note that a subset of the bursts presented here – and also
n Gourdji et al. ( 2019 ), Aggarwal et al. ( 2021 ), and Hessels et al.
 2019 ) – were used together with other data to determine this activity
indow. Continued monitoring of FRB 20121102A in the coming 
ears is necessary to refine this activity window and to determine its
ong-term stability or variability. 

Any progenitor model for FRB 20121102A naturally needs to 
e able to explain this fairly long period activity window and large
uty cycle. Xu et al. ( 2021 ) have shown that a supernova fallback
isc with the most reasonable values for a disc wind can slow down
solated neutron stars to spin periods of hundreds of hours. A period
imilar to that of FRB 20121102A can be obtained by invoking an
xtremely large disc wind, but this challenges what may be physically 
ossible around a magnetar. Wada et al. ( 2021 ) have shown that
he large activity window of periodic FRBs can be explained by
ncorporating eccentricity in the binary comb model of Ioka & Zhang
 2020 ). Furthermore, specifically for FRB 20121102A, and assuming 
hat its persistent radio counterpart is in fact powered by a disc
ind, a supermassive or intermediate-mass black hole companion is 
referred o v er a massiv e stellar companion. 

.5 Wait times 

espite its long-term periodic activity, FRB 20121102A has shown 
o short time-scale periodicity in the arri v al times of the bursts
ike that seen from pulsars or FRB 20191221A (The CHIME/FRB
ollaboration 2022 ), 14 despite various searches using a range of 

echniques (Zhang et al. 2018 ; Aggarwal et al. 2021 ; Cruces et al.
021 ). Other authors have found that the wait times between bursts
orm a bi-modal distribution with peaks at milli- and decaseconds 
Gourdji et al. 2019 ; Katz 2019 ; Aggarwal et al. 2021 ; Li et al.
021 ). The wait-time distribution between bursts is dependent on the
efinition of a burst, and on sub-second scales will look especially
ifferent depending on whether the wait times between sub-bursts 
 ∼ ms) are included or not. We have calculated the wait times for
MNRAS 515, 3577–3596 (2022) 
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Figure 8. Timeline of Arecibo monitoring of FRB 20121102A, showing all the FRB 20121102A bursts detected with Arecibo at ∼1 . 4 GHz up until the end 
of 2016. MJD is indicated on the bottom axes and calendar date on the top axes. The blue star indicates the date of the first burst ever to be detected from 

FRB 20121102A (Spitler et al. 2014 ). Blue histogram bars indicate the number of bursts detected in different observations (left axes). Note the first ten repeat 
bursts in mid-2015 that were presented in Spitler et al. ( 2016 ) and the first burst that was detected with PUPPI at the end of 2015 and presented in Scholz et al. 
( 2016 ). The cumulative time spent observing is shown in black (right axes), and is reset to zero on MJD 57342, which is when the observations started that we 
report on in this paper. The tentative activity windows proposed by Rajwade et al. ( 2020 ) and Cruces et al. ( 2021 ) are shown as yellow and green shaded areas, 
respectively. The bottom panel is a zoom-in of the top panel, at the dates indicated by the thick horizontal red bar. Bursts from MJD 57644 and MJD 57645 were 
also presented in Gourdji et al. ( 2019 ) and Aggarwal et al. ( 2021 ). 
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ur entire sample of bursts (and not between sub-bursts) and also
ee two humps in the distribution. We fit the two humps with a
og-normal function, by first excluding wait times < 1 s and then
 1 s. The log-normal functions peak at ∼24 ms and ∼95 s, which

s comparable to what has been found by other authors (Zhang
t al. 2018 ; Aggarwal et al. 2021 ). The wait time distribution
nd log-normal fits are presented in Fig. 9 . The durations of our
bservations are tabulated in Table 1 . The median observation
uration is ∼3800 s and implies that we are not sensitive to wait
imes longer than a few kiloseconds. Additionally, we also calculated
he wait times separately for the HEBs and LEBs. The HEBs
how no sign of clustering in time (see also Appendix Figs B3 –
6 ) and they typically have longer wait times, consistent with their

ower rate. 
The peak at longer time-scales is consistent with what is expected

rom a Poissonian distribution. Aggarwal et al. ( 2021 ) have shown
ow this decaseconds peak shifts to shorter time-scales exponentially
s more bursts are detected in a constant-length observation. Our
ub-second peak, in combination with the absence of wait times
round one second, potentially describes the typical event duration.

hile we do not intentionally measure the wait times between
NRAS 515, 3577–3596 (2022) 
ub-bursts, at least some fraction of the sub-second wait times are
ikely the wait times between non-subsequent sub-bursts, where the
aintest sub-bursts are not being detected. A ‘sub-burst’ peak is very
vident in Li et al. ( 2021 ) at ∼3 ms, but not here. In their wait
ime distribution, a second sub-second peak can be seen (but is not
xplicitly mentioned) corresponding to the one we observe. The sub-
econd peak we detect is also consistent with those found by Gourdji
t al. ( 2019 ), Aggarwal et al. ( 2021 ), and Li et al. ( 2021 ), and supports
he claims made by the latter authors that challenge the feasibility of
ertain coherent emission models that require orderly magnetic field
ines. 

This bi-modality in the wait time distribution is also seen in
agnetars (e.g. Huppenkothen et al. 2015 ). In the specific case of
GR J1550-5418, the wait times are between the spikes (akin to sub-
ursts) seen in the magnetar X-ray bursts and the peak at lower wait
imes is around 50 ms. While Huppenkothen et al. ( 2015 ) note that
hese observed wait times are consistent with both repeated crust fail-
re as well as magnetospheric reconnection models, Wadiasingh &
hirenti ( 2020 ) argue that the shorter time-scale observed in the wait

ime distribution of magnetars is likely associated with magnetar
scillations. It is also worth mentioning that SGR 1935 + 2154,

art/stac1960_f8.eps
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Figure 9. The wait time distribution for all detected bursts is shown by the 
blue outline. The separate wait time distributions for the LEBs and HEBs 
are indicated by solid grey and black histograms, respectively. Log-normal 
functions are fit to the full sample distribution abo v e and below 1 s, and peak 
at ∼24 ms, and ∼95 s, as indicated by the dotted blue lines. Our sensitivity to 
longer wait times is degraded by the length of our observations. The median 
length of our observations is indicated by the red v ertical line. F or comparison, 
the peaks of the waiting times identified by Li et al. ( 2021 ) are indicated by 
yellow dashed vertical lines at 3.4 ± 1.0 ms, 70 ± 12 s, and 220 ± 100 s. The 
latter being the peak for the higher energy bursts ( E > 3 × 10 38 erg) they 
observe. 
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he only Galactic magnetar known to show an FRB-like burst, has 
een shown to exhibit (X-ray) burst rates and a fluence power-law 

ndex consistent with that observed from FRB 20121102A, although 
he wait times between bursts are ∼2 s (Younes et al. 2020 ). We
ncourage better quantification of the wait time distribution for other 
epeating FRBs, as well as searches for periodicities in the wait time
istributions. 

.6 Periodicity search 

 Lomb–Scargle 15 periodicity search was performed on the barycen- 
ric corrected burst times of arri v al for e very observ ation that
ontained at least 24 bursts. We tested 2 × 10 6 trial periods which
ere logarithmically spaced between 20 ms and 200 s. We find no

ignificant periods that are consistent between multiple observations. 
dditionally, a fast folding algorithm (FFA) was applied to the 
bservations that contain at least 40 bursts using RIPTIDE (Morello 
t al. 2020 ). As with the Lomb–Scargle search, periods between 
0 ms and 200 s were searched. We again find no significant periods
hat are consistent between multiple observations. If the central 
ngine of the FRBs is rapidly spinning, then the lack of detected
eriodicity in the burst arri v al times suggests that the emitting region
s not stable in location. 

 SUMMARY  

n this paper, we have reported that the detection of 478 bursts (of
hich 333 are previously unreported) from FRB 20121102A that 
ere obtained through monitoring with the Arecibo telescope at L -
and, between December 2015 and October 2016. Our observations 
otal is ∼59 hr, and reflect the earliest large observing campaign of
his iconic source. Our analysis is summarized as follows: 
5 https://docs.scip y.org/doc/scip y/r efer ence/gener ated/scipy.signal.lombsc 
rgle.html 

B
B
B
B

(i) The bursts in our sample are not all identical, and divide into
wo groups in the width–bandwidth-energy parameter space. We 
efer to these two burst types as LEBs (low-energy bursts) and HEBs
high-energy bursts). 

(ii) Statistical comparison tests concur that the temporal width, 
bserved bandwidth and fluence distributions for the HEBs and LEBs 
annot be drawn from the same parent population. 

(iii) The HEBs are typically narrower and more broad-band than 
he LEBs, echoing the differences between one-off and repeating 
RBs. 
(iv) We fit the energy distribution of our sample with a broken

ower-law that has a break at E break = 1.15 ± 0.04 × 10 38 erg,
ith power-law slopes of −1.38 ± 0.01 where E iso < E break , and
1.04 ± 0.02 where E iso > E break . 
(v) We observed that bursts from the same epoch tend to be more

imilar to each other than to the bursts from other epochs, but note
hat this observation requires confirmation. 

(vi) The majority of the bursts in our sample occur towards the
op of our observing band ( ∼1730 MHz) and like previous authors
e note a dearth of bursts detected below ∼1350 MHz. 
(vii) Our observations (including those with non-detections) sup- 

ort the case for a ∼160 d activity period with a ∼55 per cent duty
ycle. 

(viii) We find two log-normal peaks in the wait time distribution 
t ∼24 ms and ∼95 s, consistent with previous measurements and
ndicative of a characteristic event duration and Poissonian rate, 
espectively. 

(ix) Despite using various methods, we find no short-term peri- 
dicity in the burst arri v al times when searching between 20 ms and
00 s. 
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PPENDI X  A :  FIT  F U N C T I O N S  

e define a broken power law as 

( > E) = 

{
k( E/E break ) α1 , E < E break 

k( E/E break ) α2 , E ≥ E break 
(A1) 

here k is a scaling factor and α1 and α2 are the power-law indices
elow and abo v e the break energy, E break , respectively. 
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PPENDIX  B:  E X T R A  MATERIAL  
able B1. Burst properties (full table available online). 

urst ID TOA 

a Width (ms) Bandwidth (MHz) 

 57364.204636306 0.68 ± 0.05 > 546 
 57506.802409024 4.7 ± 0.3 > 381 
 57510.807219384 2.27 ± 0.09 > 546 
 57510.819153558 2.2 ± 0.3 > 305 
 57510.826409121 3.4 ± 0.2 > 419 
 57510.838080436 2.0 ± 0.2 > 267 
 57513.786194552 6.9 ± 0.4 > 508 
 57607.531624205 2.7 ± 0.2 > 331 
 57607.532581875 1.1 ± 0.2 > 217 
0 57607.532581931 0.8 ± 0.1 > 217 

.. ... ... ... 

ote. a These times are dynamical times (TDB), corrected to the Solar system baryc
nd dispersion constant of 1/(2.41 × 10 −4 ) MHz 2 pc −1 cm 

3 s. b We estimate a cons
he SEFD of Arecibo. 

Table B2. Power-law fit parameters. 

Single power-law α1 

All bursts −0.87 ± 0.01 
LEBs −0.98 ± 0.01 
HEBs −0.46 ± 0.02 
In-band bursts only −0.72 ± 0.01 
Broken power-law α1 

All bursts −1.38 ± 0.01 1.1
LEBs −1.94 ± 0.02 
HEBs −0.39 ± 0.02 3
In-band bursts only −0.96 ± 0.02 1
igure B1. The S/N of all the bursts detected by PRESTO’s sin-
le pulse search.py . This is the S/N of the boxcar with the highest
/N at the DM that maximizes S/N. 
MNRAS 515, 3577–3596 (2022) 

f high (MHz) f low (MHz) Fluence b (Jy ms) Ener gy b (er g) Group 

> 1730 1184 0.08 4.0 × 10 37 HEB 

> 1730 1349 0.38 1.3 × 10 38 LEB 

> 1730 1184 0.29 1.4 × 10 38 HEB 

> 1730 1425 0.11 2.9 × 10 37 LEB 

> 1730 1311 0.27 1.0 × 10 38 LEB 

> 1730 1463 0.19 4.3 × 10 37 LEB 

> 1730 1222 0.38 1.7 × 10 38 LEB 

> 1730 1399 0.30 7.3 × 10 37 LEB 

> 1730 1513 0.09 1.5 × 10 37 LEB 

> 1730 1513 0.10 1.6 × 10 37 LEB 

... ... ... ... ... 

enter to infinite frequency assuming a dispersion measure of 560.5 pc cm 

−3 

erv ati ve 25 per cent uncertainty on these measurements due to uncertainty in 

R 

2 

– – 0.961 
– – 0.943 
– – 0.956 
– – 0.978 

E break α2 R 

2 

5 ± 0.04 × 10 38 −1.04 ± 0.02 0.999 
− − −

.2 ± 0.2 × 10 38 −0.89 ± 0.04 0.993 

.3 ± 0.1 × 10 38 −0.68 ± 0.03 0.995 
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Figure B2. Fig. 2 replotted with isotropic equi v alent energy (erg) replaced by spectral energy density (erg/Hz). The classification of the lowest energy bursts 
with the smallest temporal widths becomes ambiguous, because the LEBs and HEBs o v erlap. 
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Figure B3. In Figs B3 –B6 , the burst properties have been illustrated for all days on which bursts were detected. In the top panel, the temporal width of the bursts 
is plotted as a function of the MJD. The range of the MJD x -axes are representative of the duration of each observation, and the scale changes between plots 
of different days. In the center bottom panel of a vertical line, coloured according to the calculated isotropic equi v alent energy of the burst, shows the spectral 
extent of each burst as a function of MJD. A grey circle or black triangle, indicates whether a burst is classified as a LEB or HEB, respectively, and is plotted on 
top of the line at the frequency corresponding to the peak of the Gaussian fit to the spectrum. All the vertical lines are stacked upon each other and displayed in 
the grey histogram in the left-hand panel, illustrating the frequencies where a burst is most likely to be found during the observation. The overplotted red-dotted 
histogram indicates for how many bursts specific channels were flagged. Horizontal dashed-grey lines at the top and bottom of the bottom panels represent the 
upper and lower edges of the observing band (1150 and 1730 MHz). Finally, in the right-hand panel, a burst energy cumulative distribution of the observation is 
shown, which has been colour-coded according to energies. These colours also correspond to the data points in the bottom center panel. Here we show MJDs 
57506, 57510, 57513, and 57607. 
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Figure B4. Same as B3 , but for MJDs 57614, 57628, 57638, 57640, and 57641. 
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Figure B5. Same as B3 , but for MJDs 57642, 57644, 57645, 57646, and 57648. 
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Figure B6. Same as B3 , but for MJDs 57649, 57650, and 57666. 
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