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ABSTRACT

We present 41 bursts from the first repeating fast radio burst discovered (FRB 121102). A deep search has allowed us to probe
unprecedentedly low burst energies during two consecutive observations (separated by one day) using the Arecibo telescope at
1.4 GHz. The bursts are generally detected in less than a third of the 580-MHz observing bandwidth, demonstrating that narrow-
band FRB signals may be more common than previously thought. We show that the bursts are likely faint versions of previously
reported multi-component bursts. There is a striking lack of bursts detected below 1.35 GHz and simultaneous VLA observations
at 3 GHz did not detect any of the 41 bursts, but did detect one that was not seen with Arecibo, suggesting preferred radio
emission frequencies that vary with epoch. A power law approximation of the cumulative distribution of burst energies yields an
index −1.8±0.3 that is much steeper than the previously reported value of ∼ −0.7. The discrepancy may be evidence for a more
complex energy distribution. We place constraints on the possibility that the associated persistent radio source is generated by the
emission of many faint bursts (∼ 700 ms−1). We do not see a connection between burst fluence and wait time. The distribution
of wait times follows a log-normal distribution centered around ∼ 200 s; however, some bursts have wait times below 1 s and as
short as 26 ms, which is consistent with previous reports of a bimodal distribution. We caution against exclusively integrating
over the full observing band during FRB searches, because this can lower signal-to-noise.
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1. INTRODUCTION

Fast radio bursts (FRBs) are bright (peak flux density
0.01 − 100 Jy), millisecond-duration radio pulses of extra-
galactic origin (Thornton et al. 2013). The physical source of
FRBs has been a mystery since the first example was discov-
ered over ten years ago (Lorimer et al. 2007). The bursts must
arise from coherent radiation from a small emission region,
and both cataclysmic explosions and longer-lived progeni-
tors have been hypothesized (see the reviews by Popov et al.
2018; Katz 2018b; Platts et al. 2018 and references therein).
To date, over 60 FRB sources have appeared in the literature1.
All have a large dispersion measure (DM), in excess of the
expected Galactic contribution along the line of site (Cordes
& Lazio 2002), which, in the absence of a host-galaxy as-
sociation, is the primary evidence for their extragalactic ori-
gin.The observed durations of the bursts range between 0.03–
26 ms (Michilli et al. 2018a; Farah et al. 2017) and they have
been detected over a reasonably large fractional bandwidth,
which can teach us about their spectra as long as instrumen-
tal effects do not dominate. The bandwidth of the record-
ing systems that have detected FRBs ranges from 16 MHz to
580 MHz and is as large as 4 GHz for observations of one
source (Gajjar et al. 2018; Zhang et al. 2018).

Some bursts have been detected with (sub-)millisecond
temporal structure (Champion et al. 2016; Farah et al. 2018;
Shannon et al. 2018; Hessels et al. 2019) thanks to (in some
cases) real-time coherent de-dispersion or raw-voltage cap-
ture. However, the observed durations of most bursts are lim-
ited by the recorded time resolution, intra-channel dispersive
smearing or scattering in some cases, making it difficult to
study their spectro-temporal structure (Bhandari et al. 2018).

Despite extensive follow-up observations (e.g. Petroff
et al. 2015; Shannon et al. 2018), only two FRBs have been
seen to repeat (Spitler et al. 2016; The CHIME/FRB Collabo-
ration et al. 2019b). The repeatability of some sources raises
the possibility that all FRBs can repeat or suggests that there
are at least two classes of FRBs within the currently observed
sample (e.g. Palaniswamy et al. 2018; Ravi 2019; Connor &
Petroff 2018). FRB 121102 (Spitler et al. 2014) is unique in
that it was the first FRB source with repeated bursts detected
(Spitler et al. 2016; Scholz et al. 2016) and is therefore the
most extensively monitored FRB source to date.

The ability to observe multiple bursts from FRB 121102
permits unprecedented studies of an FRB source and its
environment. In particular, FRB 121102 was localized to
100 milliarcsecond precision (Chatterjee et al. 2017); a low-
mass, low-metallicity dwarf host galaxy with a star-forming

1 An overview of all published FRBs and their properties is provided in
a catalogue by Petroff et al. (2016) available at http://www.frbcat.
org.

region was identified at z ≈ 0.19 (Tendulkar et al. 2017;
Bassa et al. 2017; Kokubo et al. 2017); the bursting source
was associated with a compact, persistent radio source off-
set by . 40 pc (Marcote et al. 2017); and an exceptionally
high, and variable rotation measure (RM) of ∼ 105 rad m−2

was measured, pointing to an extreme magneto-ionic envi-
ronment around the burst source (Michilli et al. 2018a). The
recent discovery of a second repeating source (FRB 180814)
by the Canadian Hydrogen Intensity Mapping Experiment
(CHIME) has not yet resulted in a precise localization (The
CHIME/FRB Collaboration et al. 2019b). As yet, no other
published FRB has been precisely localized and definitively
associated with a host galaxy, thereby greatly limiting our
understanding of their progenitors.

The apparent FRB 121102 burst activity changes between
observing epochs, with periods of enhanced source activity
(Scholz et al. 2016; Oppermann et al. 2018), though it is un-
clear whether this means that the source itself is intrinsically
more active. While an underlying periodicity between the
bursts would be strong evidence for a rotating neutron star
progenitor, analysis of the burst arrival times has yet to iden-
tify a clear periodicity (e.g. Scholz et al. 2016; Zhang et al.
2018). Bursts detected at 1.4 GHz were not seen in simul-
taneous 150-MHz observations (Houben et al. 2019). Opti-
cal, X-ray and γ-ray observations that are contemporaneous
with the detections of radio bursts have not found any prompt
multi-wavelength counterparts to the bursts themselves, nor
is there any detectable persistent X-ray and γ-ray emission
(Scholz et al. 2017; Hardy et al. 2017).

The detection of a large sample of bursts from FRB 121102,
at observing frequencies ranging from 1 to 8 GHz (e.g.
Spitler et al. 2016; Scholz et al. 2016; Law et al. 2017;
Michilli et al. 2018a; Gajjar et al. 2018; Spitler et al. 2018;
Zhang et al. 2018; Hessels et al. 2019), has led to a variety of
observed spectra. For instance, they cannot be consistently
described by a single spectral index, some bursts exhibit
a frequency dependent profile evolution, and burst spectra
from Law et al. (2017) are typically limited to 500-MHz
wide Gaussian envelopes. Additionally, Hessels et al. (2019)
present a sample of bright bursts showing sub-components
in their spectra.

The physical nature of FRB 121102 and the reason for its
variable burst spectrum are the subject of many theoretical
models (Platts et al. 2018). Recent models have been pro-
posed that involve a neutron star in the immediate vicinity of
an accreting massive black hole (Pen & Connor 2015; Ten-
dulkar et al. 2017; Marcote et al. 2017; Bassa et al. 2017;
Michilli et al. 2018a; Zhang et al. 2018). Other possibili-
ties include a millisecond magnetar as the central engine of a
powerful supernova remnant (e.g. Murase et al. 2016; Met-
zger et al. 2017; Beloborodov 2017; Cao et al. 2017; Nicholl
et al. 2017). Extrinsic propagation effects have been in-

 http://www.frbcat.org
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voked to describe the unusual burst structure and morphology
(Cordes et al. 2017; Main et al. 2018; Hessels et al. 2019).
Plasma lenses in the local environment of FRB 121102 could
collectively create caustics that produce an amplification of
the burst brightness in certain frequency bands (Clegg et al.
1998; Cordes et al. 2017). Alternatively, the burst spectra
could be intrinsic, for instance originating from maser emis-
sion (e.g. Waxman 2017; Beloborodov 2017; Metzger et al.
2019). Pulsar giant pulses have also been shown to be poorly
described by a single spectral index (e.g. Meyers et al. 2017).
Otherwise, a combination of both intrinsic and extrinsic ef-
fects could be at play.

In an effort to understand the emission mechanism and
environment of FRB 121102, we continue to collect and
investigate its bursts. Here, we present 41 bursts from
FRB 121102 detected at 1.4 GHz using the Arecibo Obser-
vatory in two observations from 2016 September on con-
secutive days. This sample was selected for our analysis
due to the large volume of bursts detected in each observa-
tion (18 and 23 bursts, respectively) and the short time be-
tween observations (the minimum possible wait time before
FRB 121102 transits Arecibo, i.e. one day). The sample
includes all bursts that were found, down to an unprecedent-
edly low detection threshold (via careful visual inspection),
and in combination with its size is therefore the largest sam-
ple of 1.4-GHz bursts presented to date. The observations
are quasi-contemporaneous with the high signal-to-noise ra-
tio (S/N) sample from Hessels et al. (2019) and concurrent
with the Very Large Array (VLA) sample presented in Law
et al. (2017).

The bursts we detect are predominantly faint (fluence as
low as 0.028 Jy ms) and relatively narrow-band: i.e. they
do not extend across the full 580-MHz observing bandwidth
and many peak in the observing band and fade into the noise
towards higher and lower frequencies. These properties orig-
inally led to many of the bursts being identified as radio fre-
quency interference (RFI) in our first-pass search of the data.
However, the consistent recurrence of such signals compelled
further investigation. We present an analysis of all bursts de-
tected in the two observations that includes examinations of
burst spectra, burst energies and wait times. Additionally, we
focus on burst detectability to instruct future FRB observa-
tions and searches. Observations and data reduction are de-
scribed in §2. The bursts are presented in §3 and our findings
are discussed in §4.

2. OBSERVATIONS AND BURST SEARCH

The data were recorded using the 305-m William E. Gor-
don Telescope at the Arecibo Observatory with the L-Wide

receiver2 (frequency range 1150 − 1730 MHz; system tem-
perature Tsys ≈ 25 K; gain G ≈ 10.5 K/Jy) and the Puerto-
Rican Ultimate Pulsar Processing Instrument (PUPPI) data
recording backend, which records eight 100-MHz bands
(each with 64 channels)3. The 8-bit PUPPI data were sam-
pled with a time resolution of 10.24µs and each channel
spans 1.56 MHz; these were coherently de-dispersed to
DM= 557.0 pc cm−3 during the observation, effectively miti-
gating intra-channel dispersive smearing to < 8.5µs per unit
deviation from the fiducial DM value. Full Stokes informa-
tion was recorded, however given the source’s large RM,
linear polarization is washed out at 1.4 GHz (Michilli et al.
2018a) rendering it undetectable in our data. A search for
polarization in the brightest burst from our sample was con-
ducted in Hessels et al. (2019) and did not yield a detection.
Hence, we do not present any polarimetric analysis here,
though searches are ongoing to identify potential Faraday
conversion effects in the data (Vedantham & Ravi 2019).

The data were subbanded and down-sampled using
psrfits_subband before searching for bursts. The fre-
quency channel size was increased to 12.5 MHz and the data
were down-sampled in time to a resolution of 81.92 µs. The
search was performed using PRESTO, a standard software
package for pulsar searches (Ransom 2001)4. The standard
RFI excision tool rfifind was not applied to the spectra
to avoid masking large fractions of data. Instead, we opted
to excise RFI pulses at later stages of the search process.
We generated de-dispersed timeseries (summed across fre-
quency channels) for DMs in the range of 461 − 661 pc cm−3

in steps of 1 pc cm−3, using prepsubband. The re-
sulting timeseries were searched for single pulses using
single_pulse_search.py to convolve boxcar func-
tions of widths ranging from 81.92µs to 24.576 ms, or,
equivalently, 1 to 300 time bins. Events from each time-
series with S/N > 6 were grouped into astrophysical burst
candidates, which were subsequently excluded if the group’s
peak S/N< 8, and filtered for RFI using the routine presented
by Michilli et al. (2018b)5. The recorded times of the remain-
ing burst candidates were used to extract segments of time
and frequency data (known as dynamic spectra) from the
subbanded data de-dispersed to the DM at which the candi-
date peaked in S/N. Finally, a diagnostic plot was created for
each candidate, containing the de-dispersed dynamic spec-
trum, burst profile, and relevant meta data. The diagnostic
plots (43 for Observation 1 and 82 for Observation 2) were

2 http://www.naic.edu/~astro/RXstatus/Lwide/
Lwide.shtml

3 http://www.naic.edu/puppi-observing/
4 https://www.cv.nrao.edu/~sransom/presto/
5 The Single-pulse Searcher code (Michilli & Hessels 2018) is available

at http://ascl.net/1806.013.

http://www.naic.edu/~astro/RXstatus/Lwide/Lwide.shtml
http://www.naic.edu/~astro/RXstatus/Lwide/Lwide.shtml
http://www.naic.edu/puppi-observing/
https://www.cv.nrao.edu/~sransom/presto/
http://ascl.net/1806.013
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inspected by eye to evaluate whether the candidates were
astrophysical in nature and each was assigned a ranking:
RFI, maybe real, definitely real. Judgments were based on
what we knew FRBs to look like at the time (late 2016/early
2017), however the “maybe” ranking was included to avoid
missing interesting and potentially recurring signals in the
observations. Relevant factors considered in the judgment
process include whether the peak DM value was reasonably
close to the value reported in earlier studies of FRB 121102
bursts (Spitler et al. 2016; Scholz et al. 2016) and whether
the burst extended across most of the frequency band (this
was before Hessels et al. (2019) established that the bursts
can appear quite narrow-band at 1.4 GHz).

The data come from the ongoing monitoring of FRB 121102
(Arecibo program P3054; PI L. Spitler). We present data
from two observations taken on 2016 September 13/09:47:07
and 14/09:50:12, each reported in topocentric UT and lasting
5967 s and 5545 s, respectively. One of the bursts (B1) was
previously reported in Hessels et al. (2019).

The narrow-bandedness, faintness, and, in some cases, rel-
atively large widths (up to 13.5 ms) of the bursts presented
here make the DM determination less precise. A DM value
of 560.5 pc cm−3 was established for the high S/N bursts in
Hessels et al. (2019) for which the temporal features are well-
resolved. Given that our sample is from the same epoch, we
apply the same value to the bursts in this study and find this
to work reasonably well.

3. RESULTS

Dynamic spectra for the 18 bursts detected in the first ob-
servation (Observation 1) and for the 23 bursts detected in
the second observation (Observation 2) are presented in Fig-
ure 1. While bursts B11 and B19 look similar to FRBs pre-
sented elsewhere (though see Shannon et al. 2018), many
burst signals can be characterized as narrow-band, spanning
on average less than a third of the full 580-MHz observing
bandwidth (full width at half maximum values, FWHM) with
many peaking in brightness within the observing band. To
confirm the bursts’ astrophysical nature, we provide some ex-
amples without dispersion correction alongside the expected
dispersive sweep at 560.5 pc cm−3 in Figure 2. There is an ap-
parent 5.3(5) ms wide second burst in the dynamic spectrum
of B28, ∼ 9 ms after the primary burst; it is unclear whether
these are two unique bursts or a single, double-peaked burst.

The properties of each burst are summarized in tabular
form in the Appendix (Table 1). We measure time and
frequency peaks and FWHM values using a 2-dimensional
Gaussian fit (Hessels et al. 2019). The intrinsic burst dura-
tions range from 0.7 − 13.5 ms and are on average 4.2 ms.
These values are consistent with previous detections at
1.4 GHz (e.g. Spitler et al. 2016; Scholz et al. 2016; Hardy
et al. 2017). We quantify the narrow-band nature of each

burst by reporting the burst edges ( fhigh and flow, FWHM).
Many burst spectra extend beyond the top of the band, and in
this case we report the top of the observing band (1730 MHz).
The top panel of Figure 3 shows the average burst spectrum
weighted by the band-averaged burst S/N and corrected for
bandpass variations. The burst spectrum as a function of
arrival time is shown in the bottom panel. The midpoint of
each burst’s frequency extent is represented in a histogram
in a panel to the right. Collectively, Figure 3 shows a dearth
of bursts below 1.35 GHz and suggests preferred burst fre-
quencies at this epoch, possibly clustered in time as well,
particularly in Observation 1.

The distribution of burst peak S/N (summed over the 580-
MHz observing bandwidth and at the DM that maximizes
S/N) is reported in Figure 4. Most bursts were detected just
above the detection threshold. In green we show the scaled-
up S/N values obtained using only frequency channels that
contain burst signal, as opposed to the full observing band-
width, since S/N is a function of burst bandwidth.

The cumulative distribution of isotropic burst energies is
shown in Figure 5. We calculate isotropic energy, E, match-
ing Law et al. (2017):

E = F (Jy s)×BW (Hz)×10−23ergs−1cm−2Hz−1

×4π×L2 , (1)

where F is fluence, BW is bandwidth (both as reported in
Table 1), and L is the luminosity distance of FRB 121102,
972 Mpc (Tendulkar et al. 2017). We calculate the fluence
of a burst over its FWHM duration and FWHM bandwidth.
It is calculated by summing across frequency channels that
contain the burst to create a timeseries, normalizing a 42-ms
time window containing the burst, and converting the signal
in each time bin within the FWHM into Jy units using the ra-
diometer equation, as described in Equation 7.12 of Lorimer
& Kramer (2005). The normalization step involves defin-
ing an off-pulse region and therefore different time resolu-
tions (see caption of Figure 1) are used depending on burst
S/N. We consider a conservative fractional error of 30% for
the derived fluence values. Energies are inevitably underes-
timated by unknown amounts for bursts that extend up to the
observing band edge. The apparent turnover at lower ener-
gies in Figure 5, is likely a reflection of bursts being detected
close to the sensitivity limit (∼ 1.6× 1037 erg for bursts that
have the average duration and bandwidth values found for
our sample of 4.2 ms and 175 MHz, respectively). We use
the method of Maximum-likelihood to estimate the slope, γ,
of a power law fit (R∝ Eγ , where R is the rate of bursts with
energy ≥ E per hour) for various completeness thresholds
Ethreshold (e.g. Crawford et al. 1970; James et al. 2019). The
black vertical line drawn at Ethreshold = 2×1037 erg marks the
completeness value that we use in the cumulative energy dis-
tribution, and was chosen because it is consistent with both
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Figure 1. (a) Dynamic spectra of the bursts detected in Observation 1 (2016 September 13), ordered by burst arrival time and de-dispersed using
DM= 560.5 pc cm−3. The band-averaged burst profiles (summed in frequency) are shown in the top sub-panels, and the spectra (summed in time
across the bursts) are shown to the right of each burst. Each burst signal was fit with a 2D Gaussian in order to determine its bandwidth and
duration. The cyan bars extend over the FWHM and the yellow bars extend to the 2σ point of each fit. The burst profile/spectrum is obtained
by summing frequency/time data within the yellow bars. The burst profile obtained by summing over the full frequency band is shown in grey
for comparison, and is typically noisier. Solid white lines are artifacts from frequency channels and time bins that were removed because of
RFI contamination, and are marked with red notches.
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Figure 1. (b) Dynamic burst spectra for Observation 2 (2016 September 14). The bursts have been downsampled in time and downfactored
in frequency resolution by differing factors in order to make the burst signals more visible. Resolutions of 163.84µs and 12.48 MHz: B2-4,
B6-15, B17, B19-21, B23, B28, B30-1, B34, B36-7, B40; 81.92µs and 12.48 MHz: B5, B16, B18; 163.84µs and 24.96 MHz: B24-25, B27,
B29, B32-3, B35, B38-9; 327.68µs and 12.48 MHz: B22; 327.68µs and 24.96 MHz: B26, B40; and 40.96µs and 6.24 MHz for B1.
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the observed turnover and aforementioned sensitivity limit,
and is where the distribution of γ as a function of Ethreshold

flattens out. Omitting bursts that fall below Ethreshold , we find
γ = −1.8± 0.3 (and by extension dR

dE ∝ E−2.8) for the com-
bined sample of bursts and γ = −1.6±0.5 and γ = −1.9±0.5
for Observation 1 and 2, respectively.

The distribution of burst wait times is shown in the left
panel of Figure 6 and is roughly consistent with a log-normal
distribution centered at 207± 1 s for wait times greater than
10 s (p-value = 0.73; note the∼ 1.5 hour duration of each ob-
servation limits our ability to see wait times on the order of
∼ 1000 s or greater). There is a separate group of wait times
below 1 s. We do not see a relationship between the bright-
nesses of consecutive bursts and their wait times (right panel
of Figure 6). A simple periodicity search was carried out us-
ing PRESTO’s rrat_period, which does a brute force
search for a greatest common denominator of the intervals
between bursts, given a list of burst arrival times and some
trial period. We searched up to spin frequencies of 200 Hz
(corresponding to 5 ms, which is roughly the average burst
width), but did not find consistent common denominator val-
ues. This method, however, only works if all bursts have
nearly the same rotational phase. More sophisticated period-
icity searches are ongoing.

4. DISCUSSION

High resolution data, known source DM, and a rigorous
burst search process, have allowed us to approach the the-
oretical detection threshold of the telescope (despite strong
RFI) and probe low burst energies. For instance, Scholz et al.
(2016) used a S/N cut of ∼ 12 and would have missed many
of the bursts presented here. In §4.1, we discuss the burst
spectra. In §4.2, we discuss the distributions of burst en-
ergies 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 §4.3.

4.1. Burst spectra

In §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
narrow-band at the time of the search. The burst candidates
were later promoted to “definitely real” after more careful
consideration of the candidates as a whole and in particular
their recurrence.

In an attempt to understand this subset of bursts in the con-
text of other FRB 121102 bursts, we compare to the multi-
component bursts presented in Hessels et al. (2019) (see Fig-
ure 7). The bursts presented in Hessels et al. (2019) were
chosen strictly for their high S/N. The sub-bursts contained
in the full multi-component burst envelope emit with a char-
acteristic bandwidth of∼250 MHz at 1.4 GHz and envelopes

are as large as ∼10 ms wide (Hessels et al. 2019). The sub-
bursts drift down in frequency during the duration of the
burst and the leading edges of sub-bursts are often sharper
than the trailing edges. Similarly, some bursts from our sam-
ple tend to lower frequencies with time, and some also fade
towards the trailing edge (e.g. B12, B14, B18, B20, B37,
B41). Our bursts typically have durations within the ob-
served multi-component burst envelope sizes of the Hessels
et al. (2019) sample. Hessels et al. (2019) argue that the
narrow-bandedness cannot be from propagation effects in the
Milky Way. Similar spectral behaviour has been observed in
bursts from FRB 180814 (The CHIME/FRB Collaboration
et al. 2019b).

We explore the possibility that the narrow-band signals
from this study are faint multi-component bursts where only
the brightest sub-burst(s) and surrounding diffuse emission
are detected. To do this, we characterize the noise around the
burst to generate a Gaussian noise distribution from which
noise is drawn and added to the multi-component burst until
a S/N comparable to those of our bursts is reached. The result
of this procedure for burst AO5 from Hessels et al. (2019) is
provided in Figure 7. We find the results to convincingly sup-
port the hypothesis that, with a more sensitive receiver, our
narrow-band bursts might have looked similar to the multi-
component bursts, particularly given that the burst profiles
(Figure 1) are generally not well described by a single Gaus-
sian profile.

In the last year, it has become increasingly clear that FRBs
are not always broadband (Law et al. 2017; Michilli et al.
2018a; Zhang et al. 2018; Shannon et al. 2018; Hessels
et al. 2019; The CHIME/FRB Collaboration et al. 2019b,a).
Many FRBs have been discovered using relatively narrow-
band receivers (e.g. ranging from 16 and 32 MHz for Molon-
glo/UTMOST to ∼ 336 MHz for ASKAP), which makes it
difficult to gather much information about the burst’s broad-
band spectrum.

Interestingly, in the 3-GHz VLA observations that are con-
temporaneous with the Arecibo observations we present here,
no bursts were detected during Observation 1 and only one
separate burst was detected by VLA during Arecibo Obser-
vation 2 (Law et al. 2017). This VLA burst is not visible
in our contemporaneous Arecibo data. However, one burst
was simultaneously observed by both instruments a few days
after Observation 2, detected across the full L-wide band
(1.15 − 1.73 GHz) and from about 2.5 to 3.2 GHz at the VLA
(Law et al. 2017). This collectively tells us about the lim-
ited detectable spectral extent of individual bursts and that
bursts are detectable at preferred frequencies that change
from epoch to epoch on ∼day timescales.

Taking into account the lower sensitivity of the VLA ob-
servations (0.148 Jy ms at the detection threshold S/N= 7.4
compared to Arecibo’s ∼ 0.02 Jy ms at the S/N= 8 thresh-
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Figure 2. Example burst dynamic spectra without correcting for dispersion. The time and frequency resolutions are 2.97 ms and 1.56 MHz,
respectively. The expected dispersive sweep at DM= 560.5 pc cm−3 is shown in blue for comparison (and is offset in time for clarity). The slight
deviation from the expected sweep at later times for B8 is due to the ostensible sub-burst (see 4.1) visible in the de-dispersed version shown in
Figure 1. Solid white lines are artifacts from frequency channels and time bins that were removed due to RFI contamination. These are also
marked with red notches.

old, both corresponding to bursts detectable across the full
band) and broader observing bandwidth (1024 MHz), a burst
reaching the VLA at a frequency ∼ 3 GHz and having the
average characteristics of the reported sample would be de-
tectable with the VLA if it has approximately F > 0.49 Jy ms
(see Equation 4 in §4.3) or, equivalently, E = 9.7× 1037 erg.
Here, we have assumed a temporal burst width equal to the
VLA integration time of 5 ms and a burst spectral width of
307 MHz, corresponding to our average observing bandwidth
fill fraction of 30%. According to Figure 5, there should be
0.6 bursts with E > 9.7×1037 erg per hour and the VLA ob-
servations were two hours each.

These wide-band simultaneous observations likely point to
a highly variable burst spectrum that can be limited to narrow
frequency ranges (tens to hundreds of MHz) per burst. Bursts
as narrow in frequency as those presented here have not been
clearly detected in higher frequency observations (e.g. Hes-
sels et al. 2019; Michilli et al. 2018a; Gajjar et al. 2018),
though this is consistent with the observed behaviour of ap-
parent increase in sub-burst bandwidth at higher frequencies
noted by Hessels et al. (2019). The physical reason for this
behaviour is unknown.

In a large sample of FRB 121102 bursts detected within
4 hours, Gajjar et al. (2018) and Zhang et al. (2018) found
bursts to occur at preferred frequencies in their 4 − 8 GHz
band. We show that this behaviour is present at 1.4 GHz
as well (Figure 3). The narrow-band signals with prefer-
ential emission frequencies and the dearth of bursts below
1.35 GHz are consistent with the effects of plasma lens-
ing, which can produce spectral islands due to caustic peaks
(Cordes et al. 2017). For a single Gaussian lens, there may
be double-peaked gains as a function of frequency, at some
epochs. The separations of these gain cusps depend on the
offset of the lens from a direct line of sight to the source and
is thus epoch dependent, even for the same lens. A reason-

able combination of parameters could produce the observed
preference in emission frequency in our two observations.
A prediction would be that at another epoch where multi-
ple bursts are seen, the separation of a double cusp would
be different. A slightly more complex lens (such as a dis-
torted Gaussian) can show multiple spectral islands and, if
there is a population of lensing structures, like filaments in
the Crab Nebula (e.g. Temim et al. 2006), there can be even
more islands. A related prediction is that for observations at
different widely spaced frequencies, we would expect spec-
tral islands to be different if seen at all in a separate frequency
band. Further simultaneous observations at multiple observ-
ing bands are needed to improve our understanding of the
spectral behaviour of FRB 121102.

We do not rule out the possibility that these bursts are in-
trinsically narrow-band, for example resulting from maser
emission (e.g Waxman 2017; Metzger et al. 2019). Another
possible way to obtain narrow-band signals is if the bursts
have an intrinsic frequency dependent brightness, but are in-
herently weak such that only the brightest portions are de-
tected. It is likely that a combination of both intrinsic and
extrinsic mechanisms are producing the observed complex
spectra of FRB 121102 bursts. For instance, lensing may
boost burst envelopes at preferred frequencies and the struc-
tures within the envelope may be intrinsic. However, there
currently are not many emission models that can explain the
observed burst structure (though see Metzger et al. 2019).

4.2. Burst energies and wait times

The cumulative distribution of observed burst energies
from our study (Figure 5) is consistent with a single pow-
erlaw fit with γ = −1.8± 0.3, above Ethreshold = 2× 1037 erg.
This value is at odds with the results of Law et al. (2017),
where γ = −0.7 was found to consistently describe the
cumulative energy distributions of a separate sample of



FRB 121102 LOW ENERGY BURSTS 9

1.2 1.3 1.4 1.5 1.6 1.7

Frequency (GHz)

F
lu

en
ce

(a
rb

it
ra

ry
un

it
s)

Observation 1
Observation 2

0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
Time since start of observation (s)

1.15

1.25

1.35

1.45

1.55

1.65

1.73

F
re

qu
en

cy
(G

H
z)

0 2 4 6 8 10
Counts

Figure 3. Top: average burst spectrum, weighted by burst S/N for all bursts (black), Observation 1 (yellow) and Observation 2 (dashed blue).
The spectra were bandpass corrected, noise subtracted and normalized before averaging. Errors corresponding to the rms noise fluctuations are
shown for the total average spectrum, in grey. The red line marks the normalized baseline. Bottom, left: burst spectrum (FWHM) as a function
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and Observation 2 in dashed blue). Red bars indicate the edges of the observing band.
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Figure 4. Distribution of peak signal-to-noise (S/N) value at which
each burst was detected (i.e. at the DM that maximizes S/N), with
the search threshold S/N = 8 represented by a dashed red line. Indi-
vidual distributions are shown in solid yellow (Observation 1) and
dashed blue (Observation 2). The combined distribution is shown in
grey. The peak S/N, scaled using only frequency channels that con-
tain burst signal (corresponding to the 2σ spread of the Gaussian fit
shown in Figure 1) according to Equation 4, is represented in green,
within the dotted contours.

FRB 121102 bursts detected by the VLA at 3 GHz, the Green
Bank Telescope (GBT) at 2 GHz and Arecibo (though with
the slightly less sensitive ALFA receiver) at 1.4 GHz. The
fluence values of the bursts detected by the latter two tele-
scopes were scaled to energy with the assumption that the
full bursts were detected (ALFA has an observing band-
width of 323 MHz), which likely underestimates the energy
in most cases. A completeness threshold was not applied
to their sample. Law et al. (2017) suggest that a consistent
power law index for observations with different frequencies
and detection rates is connected to the underlying emission
mechanism. The Law et al. (2017) analysis includes bursts
with energies > 2× 1037 Jy ms. Therefore, our sample of
bursts probes the burst energy distribution of FRB 121102 to
unprecedentedly low energies.

There are many potential complications to consider in ana-
lyzing the distribution of burst energies from FRB 121102.
First, there are clearly parts of some bursts being missed
due to the limited observing bandwidth. Second, there may
be fainter burst sub-components that fall below the detec-
tion threshold. Third, the presence of extrinsic propagation
effects would skew the results of any energy distribution.
Therefore, expecting a power law to describe the cumulative
energy distribution is likely an over-simplification. Addition-
ally, determining where the sample is complete can have a
large effect on the steepness of the slope (Figure 5, right).
In any case, possible reasons for the difference in slope of
the power law approximation used here and in Law et al.
(2017) can stem in part from the different energy range be-

ing sampled for a burst energy distribution that is more com-
plex. For instance, Karuppusamy et al. (2010) have shown
that the Crab pulsar’s pulse intensity distribution is multi-
modal, peaking at lower intensities (the regular pulsar-like
pulses), followed by a log-normal distribution and finally an
extended power law tail attributed to the Crab’s giant pulses.
In contrast, regular pulsars are known to have consistent en-
ergy distributions from epoch to epoch, when sampling av-
eraged pulses, and are typically described by a normal or
exponential function (Hesse & Wielebinski 1974; Ritchings
1976). Single-pulse emission from both radio magnetars and
pulsars, however, tend to have log-normal flux density distri-
butions (Levin et al. 2012; Burke-Spolaor et al. 2012).

From the cumulative energy distribution and derived γ, we
can test the hypothesis that the persistent radio source as-
sociated with FRB 121102 is due to the emission of many
faint bursts that fall below the detection threshold of our tele-
scopes. We do this by making the simple assumption that the
energy distribution is described by R∝ E−1.8 (see §3) at some
minimum energy Emin, and by setting the known luminosity
of the persistent source Lp = 3× 1038 erg s−1 (Marcote et al.
2017) equal to Emin times the rate at Emin. Using our results
from Figure 5 for Ethreshold = 2× 1037 erg, we can solve for
Emin using the following approximation:

Lp ≈ Rthreshold

(
Emin

Ethreshold

)γ

Emin , (2)

where Rthreshold = 360−1 s−1 (the rate at Ethreshold) and γ = −1.8.
The resulting minimum energy Emin = 4.3× 1032 erg corre-
sponds to a rate of ∼ 700 bursts per millisecond. Therefore,
for the assumed power law energy distribution and given that
the burst widths in our sample are on the order of a millisec-
ond, it is implausible that the persistent radio emission is gen-
erated by a high rate of low energy bursts.

The giant pulse model has been proposed as an emission
mechanism for FRBs, where bursts are extreme versions of
giant-pulses like those observed in the Crab pulsar (Connor
et al. 2016; Cordes & Wasserman 2016; Lyutikov et al. 2016;
Katz 2016). Pertinently, the lack of observed correlation
between burst wait times and energy (Figure 6) is consis-
tent with pulsar giant pulse emission (Karuppusamy et al.
2010). Of relevance to magnetar related models, the log-
normal shape of the burst wait time distribution from Figure
6 is also seen for soft gamma repeaters, which are a type of
magnetar (Göǧüş et al. 1999; Göǧüş et al. 2000; Wang & Yu
2017).

A distinct smaller population of FRB 121102 burst wait
times below 1 s has also been noted by Katz (2018a), Zhang
et al. (2018) and Li et al. (2019). With those wait times omit-
ted, a log-normal function can also reasonably describe the
wait time distributions found in both studies, which peak at
∼ 75 s and 170 s respectively. The Li et al. (2019) analy-
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12 GOURDJI ET AL.

sis included the 4 − 8-GHz Zhang et al. (2018) bursts, which
dominate the sample. Due to a larger sample of bursts, the
gap between populations in the wait time distribution of the
Zhang et al. (2018) bursts is slightly smaller (beginning at
600 ms) relative to ours. With a larger sample of bursts, we
might see more wait times fill the observed gap. The con-
stancy of the distribution of burst arrival time intervals for
both of our observing days suggests that the burst detection
rate can be consistent on ∼day timescales. Li et al. (2019)
agree with our finding that burst fluence is independent of
wait time. Studying burst wait times for (simultaneous) ob-
servations at different frequencies could provide additional
constraints to the emission mechanism and/or extrinsic prop-
agation effects involved.

We have uniform sensitivity to wait times between ∼
1000 s (on the order of the observation length) down to tens
of milliseconds, at which point ambiguities in distinguishing
multi-peak bursts from single bursts with small separations
in arrival time (e.g. B28) complicate the analysis, as well
as periodicity searches. For high S/N bursts, the separation
between sub-bursts was found to be ∼ 1 ms (Hessels et al.
2019). Zhang et al. (2018) have reported a burst pair sepa-
rated by 2.56 ms which, if both are unique, would be the most
closely spaced bursts detected to date. Other ambiguous pairs
reported in their analysis are separated by the same order of
time as the sub-components of burst B28 (∼10 ms). Exclud-
ing inconclusive cases and assuming B36 from our analysis is
a singular burst, it has one of the shortest wait times observed
to date at 26 ms.

4.3. Implications for FRB searches

The definition of a ‘canonical’ FRB is changing, and this is
important for considering which detected signals are of gen-
uine astrophysical origin (Foster et al. 2018). We empha-
size that the standard pulsar single-pulse search techniques
widely used in FRB searches are likely to have missed most
of the bursts we present. If not for the development of tai-
lored search algorithms, conservative search filters (Michilli
et al. 2018b), and human inspection (possible in this case be-
cause we are targeting a known source with known DM), the
tally of Arecibo bursts from FRB 121102 would be reduced
by about one third. Important to keep in mind is that our ob-
servations benefit from high frequency and time resolutions
and the source DM was previously known. Assuming there
has not been a significant change in the activity level of these
bursts, signals like the ones we present here have likely been
missed in previous FRB 121102 observations presented in for
example Spitler et al. (2016) and Scholz et al. (2016).

The features that set many of the bursts presented in this
study apart from the other bursts observed from FRB 121102
and other FRB sources are their combined narrow bandwidth
and faintness. In the rest of this subsection, we discuss the

associated detection implications and suggest possible solu-
tions.

The search techniques used to generate our burst candi-
dates involve consideration of the peak S/N, obtained after
summing all de-dispersed frequency channels. A burst’s S/N
depends on multiple factors (Cordes & McLaughlin 2003),
including the width and the intrinsic fluence of the burst,
which is defined as the area of the burst (i.e. the amplitude
after adding signal across the frequency band, multiplied by
burst width). S/N scales with fluence, F , and width, w, as

S/N ∝ F√
w
. (3)

Thus, narrower bursts are more easily discerned from the
noise than wider bursts of equivalent fluence. A burst’s lim-
ited bandwidth will also contribute significantly in lowering
the peak S/N, as it will be diluted by noisy frequency chan-
nels after summing together in frequency to create the time-
series. This effect is demonstrated in Figure 4 and is directly
visible by comparing the black and grey burst profiles in Fig-
ure 1. Therefore, Equation 3 should be modified to take into
account the fraction of the band where signal is detected over
the noise level, νsignal

νband
:

S/N ∝ F√
w

(
νsignal

νband

)
. (4)

It is very likely that FRB signals that do not fill the entire
observing bandwidth are being missed. In this study, we have
shown that the three aforementioned properties (faint, narrow
in frequency and wide in time) that can reduce detectability
often overlap, compounding the difficulty of detecting such
signals.

Deviations from the true source DM in the de-dispersed
timeseries reduces the peak S/N value in a directly propor-
tional fashion (Cordes & McLaughlin 2003). Bursts that are
narrow in frequency, large in temporal width and faint will
contribute to uncertainties in the DM measurement, regard-
less of the method of determination used (e.g. visual dy-
namic spectrum alignment or peak S/N maximization). Fur-
thermore, de-dispersed timeseries at a wide range of DMs
constitute a fundamental aspect of single pulse searches, es-
pecially if the source DM is unknown. As described in §2,
events found in each timeseries are grouped into astrophysi-
cal candidates. It is in this crucial grouping step where bursts
similar to those presented in this analysis can be missed. Ac-
cording to Cordes & McLaughlin (2003), bursts narrower in
time will peak more sharply in their distribution of S/N as a
function of DM, causing them to be easier to find. Therefore,
search algorithms sensitive to slow peak S/N turnovers in the
timeseries are necessary to detect wider bursts that are also
faint. The challenge is compounded for narrow-band bursts,
as their S/N versus DM distribution will be similar to that of
narrow-band RFI.
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Figure 7. Left: FRB 121102 multi-component burst AO5 from Hessels et al. (2019), de-dispersed at 560.5 pc cm−3 and a time and frequency
resolution of 10.24µs and 1.56 MHz respectively. Right: the same burst after adding noise until the burst S/N is comparable to the values of
the bursts we present here. The spectrum was then downfactored and downsampled to be comparable to the bursts shown in Figure 1.

Burst candidate classifiers usually consider broad-band
bursts. It could be important to change this aspect, de-
spite the associated difficulty in distinguishing between real
bursts and narrow-band RFI, as the bursts become progres-
sively narrow-band. For repeating FRBs, more weight could
be given to a burst candidate if others have been seen to
peak at that frequency. Especially with the advent of new
telescopes with larger fractional observing bandwidths (e.g.
CHIME/FRB Collaboration et al. 2018), observers may wish
to consider the effects of peak S/N dilution in the case of
narrow-band bursts. A possible solution is to apply matched
filtering techniques in the frequency domain, though this will
be computationally costly and increase the number of candi-
dates (Zhang et al. 2018).

5. CONCLUSIONS

We have presented and analyzed 41 FRB 121102 bursts
resulting from two consecutive 1.4-GHz observations at the
Arecibo Observatory and rigorous burst search methods. Our
analysis has probed the faintest bursts from FRB 121102 in
a period of high burst detection rate. We have shown the
bursts to be detectable at preferred frequency ranges that vary
between epochs on timescales of ∼days, which is expected
if plasma lensing is at play. Additionally, we have demon-
strated that we have likely observed faint versions of previ-
ously reported bursts showing complex structure. We have
found a power law fit to the cumulative burst energy distribu-
tion to be at odds with previously reported slope values and
have discussed possible reasons for the discrepancy. We have
placed constraints on the idea that the persistent radio source
associated with FRB 121102 is from a high rate of low en-
ergy bursts. We have found the wait time between bursts
to follow a log-normal distribution, which has also been ob-
served in previous FRB 121102 studies as well as some mag-
netars. We have identified a sub-group of bursts with wait

times below 1 s which is consistent with previous reports.
The faint and narrow-band bursts we have presented bolster
the findings of recent studies that show that FRBs are not al-
ways detectable across the full observing band. We have dis-
cussed the challenges associated with detecting such signals
and have provided recommendations for future FRB searches
to minimize the likelihood of missing new FRBs and possible
repeat bursts.
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APPENDIX

A. BURST PROPERTIES

Table 1. Burst properties.
aArrival time of burst peak at the solar system barycenter, after correcting to infinite frequency using a DM= 560.5 pc cm−3 (value determined by Hessels et al.
2019).
bFWHM. The top edge of the band (1730 MHz) is reported for bursts that run over the top of the band.
cGiven for the DM that maximizes peak S/N
dA conservative 30% fractional error is assumed.
eValues correspond exclusively to main burst (component).

Burst ID Peak Time (MJD)a Wait time (s) Width (ms)b fhigh (MHz)b flow (MHz)b S/Nc Fluence (Jy ms)d

B1 57644.411070948459 — 1.99(1) 1514(2) 1277(2) 57 0.8

B2 57644.414122641494 263.666 5.4(5) 1730 1554(16) 8 0.11

B3 57644.414877772811 65.243 2.6(2) 1660(21) 1416(21) 9 0.09

B4 57644.416313742695 124.068 4.2(4) 1730 1615(8) 9 0.14

B5 57644.430169165447 1197.107 2.4(2) 1730 1626(7) 10 0.09

B6 57644.430170411426 0.108 4.4(4) 1730 1579(11) 10 0.16

B7 57644.432241693663 178.959 1.5(1) 1730 1640(6) 13 0.11

B8 57644.438793986075 566.118 5.1(3) 1600(11) 1382(11) 14 0.19

B9 57644.438844194447 4.338 5.6(4) 1476(10) 1324(10) 9 0.15

B10 57644.443589025832 409.953 2.1(2) 1520(17) 1309(17) 11 0.07

B11 57644.446787095105 276.313 0.73(6) 1730 1406(20) 12 0.03

B12 57644.447726499660 81.164 6.0(3) 1411(2) 1356(2) 11 0.4

B13 57644.449914542223 189.047 2.0(2) 1730 1592(13) 8 0.07

B14 57644.451604445720 146.008 3.3(2) 1730 1602(5) 17 0.22

B15 57644.454476480409 248.144 9.1(2) 1421(3) 1289(3) 17 0.6

B16 57644.457882214032 294.255 1.1(1) 1518(24) 1279(24) 10 0.028

B17 57644.466221285402 720.495 4.2(2) 1730 1599(6) 14 0.20

B18 57644.468094375407 161.835 7.7(5) 1730 1597(7) 12 0.21

B19 57645.411087942470 — 1.78(4) 1730 1338(8) 37 0.20

B20 57645.411650660666 48.619 3.7(2) 1517(7) 1373(7) 12 0.17

B21 57645.413643746637 172.202 4.3(3) 1730 1462(16) 11 0.13

B22 57645.417466348888 330.272 4.7(5) 1518(16) 1341(16) 10 0.08

B23 57645.417896457519 37.161 2.4(2) 1730 1562(12) 12 0.09

B24 57645.420264948967 204.637 13.5(6) 1463(8) 1269(8) 11 0.24

B25 57645.422453982079 189.132 3.8(3) 1730 1515(11) 12 0.13

B26 57645.424144819131 146.09 4.0(6) 1730 1475(32) 10 0.08

B27 57645.428903822678 411.176 8.2(6) 1629(19) 1349(19) 14 0.14

B28e 57645.430621479631 148.405 2.8(2) 1730 1522(11) 10 0.09

B29 57645.431477351958 73.947 1.9(2) 1730 1581(11) 12 0.09

B30 57645.440813632951 806.654 3.0(2) 1730 1613(6) 13 0.22

B31 57645.444479942598 316.769 2.1(2) 1730 1591(9) 12 0.1

Continued on next page
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Table 1 – Continued from previous page

Burst ID Peak Time (MJD)a Wait time (s) Width (ms)b fhigh (MHz)b flow (MHz)b S/Nc Fluence (Jy ms)d

B32 57645.444918501853 37.891 6.1(4) 1531(8) 1397(8) 12 0.25

B33 57645.447641274353 235.247 4.0(3) 1446(7) 1336(7) 8 0.17

B34 57645.448801855993 100.274 1.47(6) 1569(7) 1373(7) 18 0.14

B35 57645.449986061139 102.315 9.2(5) 1543(10) 1320(10) 12 0.24

B36 57645.449986366482 0.026 2.4(2) 1730 1579(9) 9 0.12

B37 57645.453425201558 297.115 2.8(1) 1506(6) 1364(6) 13 0.20

B38 57645.453638065388 18.391 6.2(3) 1730 1611(5) 14 0.3

B39 57645.462105667626 731.6 7.0(3) 1449(5) 1315(5) 15 0.27

B40 57645.464187553633 179.875 3.7(3) 1730 1504(20) 10 0.09

B41 57645.474447230416 886.436 4.8(4) 1730 1600(9) 12 0.17
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2018, AJ, 156, 123

Bassa, C. G., Tendulkar, S. P., Adams, E. A. K., et al. 2017, ApJL,
843, L8

Beloborodov, A. M. 2017, ApJL, 843, L26
Bhandari, S., Keane, E. F., Barr, E. D., et al. 2018, MNRAS, 475,

1427
Burke-Spolaor, S., Johnston, S., Bailes, M., et al. 2012, MNRAS,

423, 1351
Cao, X.-F., Yu, Y.-W., & Dai, Z.-G. 2017, ApJL, 839, L20
Champion, D. J., Petroff, E., Kramer, M., et al. 2016, MNRAS,

460, L30
Chatterjee, S., Law, C. J., Wharton, R. S., et al. 2017, Nature, 541,

58
CHIME/FRB Collaboration, Amiri, M., Bandura, K., et al. 2018,

ApJ, 863, 48
Clegg, A. W., Fey, A. L., & Lazio, T. J. W. 1998, ApJ, 496, 253
Connor, L., & Petroff, E. 2018, ApJL, 861, L1
Connor, L., Sievers, J., & Pen, U.-L. 2016, MNRAS, 458, L19
Cordes, J. M., & Lazio, T. J. W. 2002, arXiv Astrophysics e-prints,

astro-ph/0207156
Cordes, J. M., & McLaughlin, M. A. 2003, ApJ, 596, 1142
Cordes, J. M., & Wasserman, I. 2016, MNRAS, 457, 232
Cordes, J. M., Wasserman, I., Hessels, J. W. T., et al. 2017, ApJ,

842, 35
Crawford, D. F., Jauncey, D. L., & Murdoch, H. S. 1970, ApJ, 162,

405
Farah, W., Bailes, M., Jameson, A., et al. 2017, The Astronomer’s

Telegram, 10867

Farah, W., Flynn, C., Bailes, M., et al. 2018, MNRAS, 478, 1209
Foster, G., Karastergiou, A., Geyer, M., et al. 2018, MNRAS, 481,

2612
Gajjar, V., Siemion, A. P. V., Price, D. C., et al. 2018, ApJ, 863, 2
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Göǧüş, E., Woods, P. M., Kouveliotou, C., et al. 2000, ApJL, 532,

L121
Hardy, L. K., Dhillon, V. S., Spitler, L. G., et al. 2017, MNRAS,

472, 2800
Hesse, K. H., & Wielebinski, R. 1974, A&A, 31, 409
Hessels, J. W. T., Spitler, L. G., Seymour, A. D., et al. 2019, ApJ,

876, L23
Hotan, A. W., van Straten, W., & Manchester, R. N. 2004, PASA,

21, 302
Houben, L. J. M., Spitler, L. G., ter Veen, S., et al. 2019, A&A,

623, A42
James, C. W., Ekers, R. D., Macquart, J.-P., Bannister, K. W., &

Shannon, R. M. 2019, MNRAS, 483, 1342
Karuppusamy, R., Stappers, B. W., & van Straten, W. 2010, A&A,

515, A36
Katz, J. I. 2016, Modern Physics Letters A, 31, 1630013
—. 2018a, MNRAS, 476, 1849
—. 2018b, Progress in Particle and Nuclear Physics, 103, 1
Kokubo, M., Mitsuda, K., Sugai, H., et al. 2017, ApJ, 844, 95
Law, C. J., Abruzzo, M. W., Bassa, C. G., et al. 2017, ApJ, 850, 76
Levin, L., Bailes, M., Bates, S. D., et al. 2012, MNRAS, 422, 2489
Li, B., Li, L.-B., Zhang, Z.-B., et al. 2019, arXiv e-prints,

arXiv:1901.03484 [astro-ph.HE]
Lorimer, D. R., Bailes, M., McLaughlin, M. A., Narkevic, D. J., &

Crawford, F. 2007, Science, 318, 777

http://dx.doi.org/10.1051/0004-6361/201322068
http://dx.doi.org/10.3847/1538-3881/aabc4f
http://dx.doi.org/10.3847/2041-8213/aa7a0c
http://dx.doi.org/10.3847/2041-8213/aa7a0c
http://dx.doi.org/10.3847/2041-8213/aa78f3
http://dx.doi.org/10.1093/mnras/stx3074
http://dx.doi.org/10.1093/mnras/stx3074
http://dx.doi.org/10.1111/j.1365-2966.2012.20998.x
http://dx.doi.org/10.1111/j.1365-2966.2012.20998.x
http://dx.doi.org/10.3847/2041-8213/aa6af2
http://dx.doi.org/10.1093/mnrasl/slw069
http://dx.doi.org/10.1093/mnrasl/slw069
http://dx.doi.org/10.1038/nature20797
http://dx.doi.org/10.1038/nature20797
http://dx.doi.org/10.3847/1538-4357/aad188
http://dx.doi.org/10.1086/305344
http://dx.doi.org/10.3847/2041-8213/aacd02
http://dx.doi.org/10.1093/mnrasl/slv124
http://arxiv.org/abs/astro-ph/0207156
http://dx.doi.org/10.1086/378231
http://dx.doi.org/10.1093/mnras/stv2948
http://dx.doi.org/10.3847/1538-4357/aa74da
http://dx.doi.org/10.3847/1538-4357/aa74da
http://dx.doi.org/10.1086/150672
http://dx.doi.org/10.1086/150672
http://dx.doi.org/10.1093/mnras/sty1122
http://dx.doi.org/10.1093/mnras/sty2396
http://dx.doi.org/10.1093/mnras/sty2396
http://dx.doi.org/10.3847/1538-4357/aad005
http://dx.doi.org/10.1086/312380
http://dx.doi.org/10.1086/312380
http://dx.doi.org/10.1086/312583
http://dx.doi.org/10.1086/312583
http://dx.doi.org/10.1093/mnras/stx2153
http://dx.doi.org/10.1093/mnras/stx2153
http://dx.doi.org/10.3847/2041-8213/ab13ae
http://dx.doi.org/10.3847/2041-8213/ab13ae
http://dx.doi.org/10.1071/AS04022
http://dx.doi.org/10.1071/AS04022
http://dx.doi.org/10.1051/0004-6361/201833875
http://dx.doi.org/10.1051/0004-6361/201833875
http://dx.doi.org/10.1093/mnras/sty3031
http://dx.doi.org/10.1051/0004-6361/200913729
http://dx.doi.org/10.1051/0004-6361/200913729
http://dx.doi.org/10.1142/S0217732316300135
http://dx.doi.org/10.1093/mnras/sty366
http://dx.doi.org/10.1016/j.ppnp.2018.07.001
http://dx.doi.org/10.3847/1538-4357/aa7b2d
http://dx.doi.org/10.3847/1538-4357/aa9700
http://dx.doi.org/10.1111/j.1365-2966.2012.20807.x
http://arxiv.org/abs/1901.03484
http://dx.doi.org/10.1126/science.1147532


16 GOURDJI ET AL.

Lorimer, D. R., & Kramer, M. 2005, Handbook of pulsar
astronomy, Vol. 4 (Cambridge University Press)

Lyutikov, M., Burzawa, L., & Popov, S. B. 2016, MNRAS, 462,
941

Main, R., Yang, I.-S., Chan, V., et al. 2018, Nature, 557, 522
Marcote, B., Paragi, Z., Hessels, J. W. T., et al. 2017, ApJL, 834,

L8
Metzger, B. D., Berger, E., & Margalit, B. 2017, ApJ, 841, 14
Metzger, B. D., Margalit, B., & Sironi, L. 2019, MNRAS, 485,

4091
Meyers, B. W., Tremblay, S. E., Bhat, N. D. R., et al. 2017, ApJ,

851, 20
Michilli, D., & Hessels, J. W. T. 2018, SpS: Single-pulse Searcher,

Astrophysics Source Code Library, ascl:1806.013
Michilli, D., Seymour, A., Hessels, J. W. T., et al. 2018a, Nature,

553, 182
Michilli, D., Hessels, J. W. T., Lyon, R. J., et al. 2018b, MNRAS,

480, 3457
Murase, K., Kashiyama, K., & Mészáros, P. 2016, MNRAS, 461,

1498
Nicholl, M., Williams, P. K. G., Berger, E., et al. 2017, ApJ, 843,

84
Oppermann, N., Yu, H.-R., & Pen, U.-L. 2018, MNRAS, 475, 5109
Palaniswamy, D., Li, Y., & Zhang, B. 2018, ApJL, 854, L12
Pen, U.-L., & Connor, L. 2015, ApJ, 807, 179
Petroff, E., Bailes, M., Barr, E. D., et al. 2015, MNRAS, 447, 246
Petroff, E., Barr, E. D., Jameson, A., et al. 2016, PASA, 33, e045
Platts, E., Weltman, A., Walters, A., et al. 2018, arXiv e-prints,

arXiv:1810.05836 [astro-ph.HE]
Popov, S. B., Postnov, K. A., & Pshirkov, M. S. 2018, ArXiv

e-prints, arXiv:1806.03628 [astro-ph.HE]

Ransom, S. M. 2001, New search techniques for binary pulsars

(Harvard University Harvard, USA)

Ravi, V. 2019, MNRAS, 482, 1966

Ritchings, R. T. 1976, MNRAS, 176, 249

Scholz, P., Spitler, L. G., Hessels, J. W. T., et al. 2016, ApJ, 833,

177

Scholz, P., Bogdanov, S., Hessels, J. W. T., et al. 2017, ApJ, 846,

80

Shannon, R. M., Macquart, J.-P., Bannister, K. W., et al. 2018,

Nature, 562, 386

Spitler, L. G., Cordes, J. M., Hessels, J. W. T., et al. 2014, ApJ,

790, 101

Spitler, L. G., Scholz, P., Hessels, J. W. T., et al. 2016, Nature, 531,

202

Spitler, L. G., Herrmann, W., Bower, G. C., et al. 2018, ApJ, 863,

150

Temim, T., Gehrz, R. D., Woodward, C. E., et al. 2006, AJ, 132,

1610

Tendulkar, S. P., Bassa, C. G., Cordes, J. M., et al. 2017, ApJL,

834, L7

The CHIME/FRB Collaboration, :, Amiri, M., et al. 2019a, Nature

—. 2019b, Nature

Thornton, D., Stappers, B., Bailes, M., et al. 2013, Science, 341, 53

Vedantham, H. K., & Ravi, V. 2019, MNRAS, 485, L78

Wang, F. Y., & Yu, H. 2017, JCAP, 3, 023

Waxman, E. 2017, ApJ, 842, 34

Zhang, Y. G., Gajjar, V., Foster, G., et al. 2018, ApJ, 866, 149

http://dx.doi.org/10.1093/mnras/stw1669
http://dx.doi.org/10.1093/mnras/stw1669
http://dx.doi.org/10.1038/s41586-018-0133-z
http://dx.doi.org/10.3847/2041-8213/834/2/L8
http://dx.doi.org/10.3847/2041-8213/834/2/L8
http://dx.doi.org/10.3847/1538-4357/aa633d
http://dx.doi.org/10.1093/mnras/stz700
http://dx.doi.org/10.1093/mnras/stz700
http://dx.doi.org/10.3847/1538-4357/aa8bba
http://dx.doi.org/10.3847/1538-4357/aa8bba
http://arxiv.org/abs/1806.013
http://dx.doi.org/10.1038/nature25149
http://dx.doi.org/10.1038/nature25149
http://dx.doi.org/10.1093/mnras/sty2072
http://dx.doi.org/10.1093/mnras/sty2072
http://dx.doi.org/10.1093/mnras/stw1328
http://dx.doi.org/10.1093/mnras/stw1328
http://dx.doi.org/10.3847/1538-4357/aa794d
http://dx.doi.org/10.3847/1538-4357/aa794d
http://dx.doi.org/10.1093/mnras/sty004
http://dx.doi.org/10.3847/2041-8213/aaaa63
http://dx.doi.org/10.1088/0004-637X/807/2/179
http://dx.doi.org/10.1093/mnras/stu2419
http://dx.doi.org/10.1017/pasa.2016.35
http://arxiv.org/abs/1810.05836
http://arxiv.org/abs/1806.03628
http://dx.doi.org/10.1093/mnras/sty1551
http://dx.doi.org/10.1093/mnras/176.2.249
http://dx.doi.org/10.3847/1538-4357/833/2/177
http://dx.doi.org/10.3847/1538-4357/833/2/177
http://dx.doi.org/10.3847/1538-4357/aa8456
http://dx.doi.org/10.3847/1538-4357/aa8456
http://dx.doi.org/10.1038/s41586-018-0588-y
http://dx.doi.org/10.1088/0004-637X/790/2/101
http://dx.doi.org/10.1088/0004-637X/790/2/101
http://dx.doi.org/10.1038/nature17168
http://dx.doi.org/10.1038/nature17168
http://dx.doi.org/10.3847/1538-4357/aad332
http://dx.doi.org/10.3847/1538-4357/aad332
http://dx.doi.org/10.1086/507076
http://dx.doi.org/10.1086/507076
http://dx.doi.org/10.3847/2041-8213/834/2/L7
http://dx.doi.org/10.3847/2041-8213/834/2/L7
http://dx.doi.org/10.1038/s41586-018-0867-7
http://dx.doi.org/10.1038/s41586-018-0864-x
http://dx.doi.org/10.1126/science.1236789
http://dx.doi.org/10.1093/mnrasl/slz038
http://dx.doi.org/10.1088/1475-7516/2017/03/023
http://dx.doi.org/10.3847/1538-4357/aa713e
http://dx.doi.org/10.3847/1538-4357/aadf31

