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Abstract

In this work, we present follow-up observations of two known repeating fast radio bursts (FRBs) and seven
nonrepeating FRBs with complex morphology discovered with the CHIME /FRB project. These observations were
conducted with the Arecibo Observatory 327 MHz receiver. We detected no additional bursts from these sources,
nor did CHIME/FRB detect any additional bursts from these sources during our follow-up program. Based on
these nondetections, we provide constraints on the repetition rate for all nine sources. We calculate repetition rates
above 1 Jy using both a Poisson distribution of repetition and the Weibull distribution of repetition presented by

Oppermann et al. For both distributions we find repetition upper limits of the order A= 10">~10"

hr! for all

sources. These rates are much lower than those published for notable repeating FRBs like FRB 20121102A and
FRB 20201124A, suggesting the possibility of a low-repetition subpopulation.

Unified Astronomy Thesaurus concepts: Radio transient sources (2008); Compact objects (288)

1. Introduction

Fast radio bursts (FRBs) are luminous, millisecond transient
signals detected at radio frequencies. FRBs have been studied
since 2007 (Lorimer et al. 2007), and the published source list
was expanded in 2021 by the addition of CHIME/FRB Catalog
1, containing more than than 500 FRBs (CHIME/FRB
Collaboration 2021). Though initially hard to detect in large
quantities, FRBs are ubiquitous, with all-sky rates near 800 per
sky per day above 5 Jy ms (CHIME/FRB Collaboration 2021).
Though initially detected only as single events, the first FRB
repetition was discovered in 2015 (Spitler et al. 2016; Scholz
et al. 2016). It is now clear that many FRBs repeat, although
the relationship between repeating and nonrepeating FRB
populations remains ambiguous.

FRBs may all repeat with a variety of rates or there may be
two source classes (Caleb et al. 2019; Ravi 2019; Connor et al.
2020). Many repeating FRBs have been observed to burst only
a few times, but others, like FRB 20121102A, FRB
20180916B, and FRB 20201124A, have been observed to
burst prolifically (see, e.g., CHIME/FRB Collaboration 2019a;
Lanman et al. 2021; Zhang et al. 2021). The distribution of
burst width and spectral properties in CHIME/FRB Catalog
1 suggest the possibility of separate repeating and non-
repeating populations (Pleunis et al. 2021a; CHIME/FRB
Collaboration 2021). Understanding the repetition behavior of
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a large sample of FRBs and understanding in detail the
behavior of individual repeating FRBs may be a step toward
understanding repeaters’ place in the FRB ecosystem.

Among known repeaters, FRB repetition properties are
an active area of study. Initially, bursts from FRB 20121102A
were observed to be both non-Poissonian and nonperiodic
(Oppermann et al. 2018). In recent years, we have become
aware of predictable periods of inactivity from both
FRB 20180916B and FRB 20121102A (CHIME/FRB
Collaboration 2020; Rajwade et al. 2020; Cruces et al. 2021).
Separately, Andersen et al. (2022) found millisecond periodi-
city within the burst envelopes of at least one apparently
nonrepeating FRB.

Burst properties have also been of interest in studying
repeating FRBs. Some of these bursts show complex down-
ward-drifting spectro-temporal substructure (see, e.g., CHIME/
FRB Collaboration 2019a, 2019b; Hessels et al. 2019; Fonseca
et al. 2020; Pleunis et al. 2021a). Additionally, many bursts
show short-timescale structure, including several detections of
structure in the 10 us regime and one detection of <100 ns
structure (Michilli et al. 2018; Majid et al. 2021; Nimmo et al.
2021). Many surveys, including CHIME/FRB when not using
baseband data, do not have sufficient time resolution to see
such structure, and therefore follow-up observations with
higher time resolution are needed.

There appear to be many more dim bursts from FRB sources
than bright bursts, which could contribute to observations of
complicated repetition properties among FRBs (Connor &
Petroff 2018). Observations of FRB 20171019A (originally
discovered by the Australian Square Kilometer Array Pathfin-
der Commensal Real-time ASKAP Fast Transients Survey, a.k.
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a., CRAFT) with the Green Bank Telescope revealed two
repeat bursts a factor of about 600 fainter than the original
ASKAP detection, lending strong support to the existence of a
broad distribution of burst luminosities from repeating FRBs
(Kumar et al. 2019; Zhang et al. 2021). This motivates further
follow-up observations, as initial survey instruments may
detect only the brightest bursts from repeating FRBs and
detailed follow-up may allow us to fill in the luminosity
distribution.

Studies of FRB repetition have thus far focused on a handful
of highly prolific sources, such as FRB 20121102A (mean
burst rate 27.8 per hr at 1.25 GHz during an active period;
Zhang et al. 2021), FRB 20180916B (about 0.9 bursts per hr
between 400 and 800 MHz during an active period; CHIME/
FRB Collaboration 2020), and FRB 20201124A (about 10
bursts per day overall and about 100 bursts per day during a
period of high activity; Lanman et al. 2021). However, most of
the repeating FRB population remains low-repetition-rate
bursts, observed only a few times. Therefore, we must observe
some low-repetition-rate bursts in-depth to develop a complete
picture of FRB repetition and burst morphology.

Though it has been very effective at expanding the known
FRB source list, CHIME/FRB has weaknesses. CHIME /FRB
intensity data have a time resolution of 0.983 ms, making it
insensitive to short-timescale structure. The CHIME/FRB
baseband system has a much higher time resolution, but
baseband dumps are not available for all detections (Michilli
et al. 2021). CHIME/FRB also has a relatively modest fluence
sensitivity, reporting a median 95% completeness across all
bursts above a fluence of 5Jy ms (CHIME/FRB Collabora-
tion 2021). As a transit telescope located at latitude 49 N,
CHIME/FRB’s exposure time is strongly declination depen-
dent, and declinations near the telescope’s southern limit
(approximately —20°) are observed for much shorter times than
those further north; see CHIME /FRB Collaboration (2018) for
a more detailed discussion. Follow-up observations can provide
focused observing time for underobserved declinations, higher
time resolution, and potentially sensitivity to dimmer bursts.

In this work, we report on follow-up observations of two
low-declination repeating sources and seven low-declination
nonrepeating sources with the Arecibo Observatory. Through-
out this work, we characterize FRBs using their spectral flux
density (in janskys) and not spectral fluence density (in Jy ms).
In Section 2, we present information on the seven one-off and
two repeating FRBs we observed as well as our observation
program. In Section 3.1 we set limits on observation sensitivity
for CHIME/FRB and Arecibo Observatory observations. In
Section 3.2, we present repetition rates and upper limits using
Poisson errors and the Weibull distribution method of
Oppermann et al. (2018). In Section 3.3, we compare our
sources to other repeating FRBs discovered by CHIME /FRB.
Finally, in Section 4 we discuss the implications of our results.

2. Observation and Analysis Details
2.1. Source Information

We observed two sets of sources with the Arecibo
Observatory at 327 MHz, increasing our exposure time to
these locations and providing sensitive, high-time-resolution
and high-frequency-resolution observations. The first set was of
known repeaters at low declination, FRB 20190116A and FRB
20190117A, hereafter referred to as Group A. The primary goal
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of observing Group A sources was high-time-resolution
observations of repetition and detection of low-luminosity
bursts. The second class was seven one-off FRBs with the
distinctive downward-drifting frequency structure often
observed in repeating FRBs, hereafter referred to as Group B.
The primary goal of observing Group B sources was to detect
possible repetition. Burst properties are listed in Table 1.

All Group A and B sources are included in CHIME/FRB
Catalog 1, and dynamic spectra as well as detailed information
can be found in CHIME/FRB Collaboration (2021). Group A
sources are also included in CHIME/FRB Collaboration
(2019a) or Fonseca et al. (2020). We began this project
observing FRB 20190116A and Group B sources, but later
added FRB 20190117A and stopped observing Group B
sources.

In Table 2, we include the total exposure time with CHIME/
FRB as well as with the Arecibo Observatory. All exposures
for CHIME/FRB are for the period between 2018 August 28
(MJD 58358) to 2021 May 1 (MJD 59335). Arecibo
Observatory observations for Group A sources were conducted
between 2019 August 17 (MJD 58712) and 2020 July 10 MJD
59010). Arecibo Observatory observations for Group B sources
were conducted between 2019 July 31 (MJD 58695) and 2019
December 31 (MJD 58848).

2.2. Search Strategy

We conducted observations using the Arecibo Observatory
327 MHz receiver and the Puerto Rico Ultimate Pulsar
Processing Instrument back end. Best-fit positional uncertain-
ties from CHIME/FRB are of the order of 10’. The 327 MHz
receiver operates at a complementary frequency range to that of
CHIME/FRB and has a comparable beam size, which allowed
us to avoid gridded observations; see the comparison of
receiver properties in Table 3.

We observed in coherently dedispersed search mode, taking
advantage of the known dispersion measures (DMs) for each of
our sources. The DM has been observed to change between
bursts from repeating FRB sources, so we anticipated the
possibility that the nominal DM will not represent the best-fit
DM for repeat bursts (Hessels et al. 2019; Josephy et al. 2019;
Hilmarsson et al. 2021; Li et al. 2021). As we hoped to study
bursts in high resolution, we recorded data at 10 us time
resolution and downsampled to 80 ws for initial analysis,
providing about a factor of 10 higher time resolution than
CHIME/FRB intensity data. Though we searched intensity
data, we recorded full Stokes polarization information.

2.3. Data Analysis

Data were analyzed using standard single pulse search
methods in PRESTO (Ransom 2011). We began by searching
data for radio frequency interference (RFI) using PRESTO’s
rfifind method. We downsampled the data in time and
frequency to accelerate analysis. We determined an optimal
dedispersion plan with PRESTO’s DDplan.py tool and
followed it to search for bursts up to 30 pccm™ ~ above and
below the nominal DM of our source. Finally, we ran
single_pulse_search to find signals from single
pulses. Anything which appeared in the single_pulse_
search with a signal-to-noise ratio (S/N) > 6 we then visu-
ally inspected. Though a number of possible candidate
events passed the S/N>6 threshold, each was clearly
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Table 1
A Summary of Burst Properties, from CHIME/FRB Collaboration (2019a), Fonseca et al. (2020), and CHIME/FRB Collaboration (2021)

Group Source R.A. Decl. DM? Npursts Burst Width® Scattering Timescale® Scattering Timescale

(hh:mm) (dd:mm) (pc/ cm?) (ms) (at 600 MHz; ms) (at 327 MHz; ms)
Group A FRB 20190116A 12:49:19(35) 27:09(14) 445.5(2) 2 2.8(4) <6.4 <72
Group A FRB 20190117A 22:06:50(36) 17:22(15) 393.360(2) 6 3.6(4) 3.903) 44(3)
Group B FRB 20190109A 07:11:50(59) 05:09(20) 324.60(2) 1 5(3) <22 <25
Group B FRB 20181030E 09:02:41(3) 08:53(11) 159.690(4) 1 <0.39 0.97(7) 11.0(8)
Group B FRB 20181125A 09:51:46(43) 33:55(2) 272.19(2) 1 4.3(7) <1.5 <18
Group B FRB 20181226B 12:10:38(9) 12:25(11) 287.036(2) 1 2.5(2) 1.10(4) 12.4(5)
Group B FRB 20190124C 14:29:41(11) 28:23(10) 303.644(1) 1 2.06(9) 0.67(2) 7.6(3)
Group B FRB 20190111A 14:28:01(37) 26:47(7) 171.9682(1) 1 1.58(4) 0.53(3) 6.1(3)
Group B FRB 20181224E 15:57:17(8) 07:19(12) 581.853(4) 1 2.1(2) <1.1 <13
Notes.

# Dispersion measures (DMs) for Group A sources are averages of the values reported in CHIME/FRB Collaboration (2019a) and Fonseca et al. (2020), and reflect
the uncertainty in measurements but not the range of observed values. DMs for Group B sources are those reported in CHIME/FRB Collaboration (2021).

® Widths are boxcar widths determined in CHIME/FRB Collaboration (2021). For bursts with multiple components, components have been summed to determine
total width. For Group A sources average values are reported, and uncertainties are based on measurement uncertainty not the range of measured values.

¢ Scattering time at 600 MHz. Where only an upper limit is available, we have used it as ., For Group A sources; average values are reported, and uncertainties are

based on measurement uncertainty not the range of measured values.

Table 2
A Summary of Exposures with CHIME/FRB and Arecibo Observatory for All

Sources
Source CHIME/FRB AO AO Obs. Dates

Exposure (hr)* Exposure (hr)° (MJD)

FRB 20190116A° 45.8 £ 27.1 27.1 58712-59009
FRB 20190117A° 447 £ 244 20.1 58888-59010
FRB 20190109A 40.2 £235 4.78 58719-58822
FRB 20181030E 50.1 +£17.8 4.00 58754-58822
FRB 20181125A 3254314 2.90 5874-58822
FRB 20181226B 522+ 17.0 4.85 58712-58848
FRB 20190124C 50.3 £20.1 2.12 58754-58824
FRB 20190111A 57.5+16.8 3.07 58754-58832
FRB 20181224E 5224125 2.69 58701-58832

Notes.

# Exposure uncertainties are set by CHIME/FRB position uncertainties. All
CHIME/FRB exposures are for the period between 2018 August 28 (MJD
58358) and 2021 May 1 (MID 59335).

® Arecibo Observatory exposures are uncorrected for efficiency losses.

¢ Known repeater.

Table 3
Basic Properties of Arecibo Observatory 327 MHz Receiver and of
CHIME/FRB
AO 327 CHIME/FRB

Beamwidth 4 x15 40" — 20
Centre frequency (MHz) 327 600
Bandwidth (MHz) 50 400
System temperature (K) 115 ~50
Antenna gain (K/Jy) 10 1.16
Note.

? Due to CHIME/FRB’s large fractional bandwidth, the beamwidth changes
by about a factor of 2 over the band.

nonastrophysical RFI when examined with PRESTO’s
waterfaller functionality.

3. Results

During the course of this project, we did not observe repeat
bursts from any of the sources. Not only did we not observe
any bursts with the Arecibo Observatory, no further bursts from
these sources were observed by CHIME /FRB while the source
was being observed with the Arecibo Observatory. This means
that none of our seven Group B sources has been observed to
repeat during the duration considered, up to 2021 May 1 (MJD
59335). This also suggests genuinely low burst rates from
Group A sources, particularly FRB 20190116A, which has not
been observed to burst since its initial discovery in 2019
January. FRB 20190117A has been observed to burst several
times, but all bursts were prior to the start of follow-up
observations.

In the remainder of this work, we will set upper limits on the
repetition rate of each source. We will also discuss possible
explanations for the nondetection of further repeat bursts and
the possible implications of this low-repetition rate within the
context of the broader FRB repetition discussion.

Before discussing results in detail and setting these upper
limits, it is important to note that using the first burst of a
repeating FRB to estimate burst rate is inherently biased. If a
population of bursts with extremely low burst rate (e.g.,
A=10"" yr) exists, some examples of that burst population
would be discovered, but additional bursts would not be
detected during a human lifespan. Calculating a burst rate
upper limit based on a short observation duration such as ours
would result in a large overestimate of burst rate. This is a
systemic problem in discussing FRB repetition, and an attempt
to solve it is beyond the scope of this work. The problem is
discussed in more detail in James (2019).

3.1. Understanding Sensitivity Limits

In order to fully understand the implications of our
nondetection, we set a sensitivity limit for our survey. To do
this, we follow the extension to the radiometer equation derived
by Cordes & McLaughlin (2003), which asserts that the
minimum detectable flux density for a radio transient with a
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Table 4
Sensitivity Thresholds for Arecibo Observatory and CHIME/FRB

Source Name AO 327 Spin® CHIME/FRB Spin
Jy (327 MHz) Jy (600 MHz)
FRB 20190116A° 0.84 £0.12 1.0£0.15
FRB 20190117A° 0.51 4+ 0.068 0.88 + 0.089
FRB 20190109A 0.29 +0.16 0.50 +£0.35
FRB 20181030E 2.5+0.11 3.2+0.10
FRB 20181125A 0.30 4+ 0.049 0.53 £0.12
FRB 20181226B 0.48 4+ 0.045 0.73 + 0.084
FRB 20190124C 0.55 +£0.025 0.80 + 0.046
FRB 20190111A 0.56 +0.018 0.93 +0.032
FRB 20181224E 0.74 +£0.076 0.82 +£0.10

Notes.

% See Table 3 for parameters. Sensitivity is calculated using the formalism of
Cordes & McLaughlin (2003).

® Known repeater.

given receiver is

R 6S/N(]}ec + 7;ky) Wb (1)
min GVVl nI,AI/ >

where (3 is an instrumental factor accounting for digitization
loss (approximately equal to 1), S/N is signal-to-noise ratio,
Ty is receiver temperature, T, is average sky temperature, G
is antenna gain, W; is intrinsic pulse width, W, is broadened
pulse width, 7, is the number of polarizations, and Av is the
frequency bandwidth.

The broadened width, W, is the quadrature sum of the
pulse’s intrinsic width, the sampling time, #,,p, the scattering
time, .., and the per-channel dispersive delay, f.pan:

W, = \/sz2 + tszamp + tczhan + ts%:att' (2)

The dispersive delay f.pa, as derived in, e.g., Lorimer &
Kramer (2005), is

AVshan ( v )3 DM
t, =8.3 , 3
chan us( MHz ) GHz pc cm™3 )

where Av is the frequency channel bandwidth and v is the
central observing frequency.

For the known repeating bursts, FRB 20190116A and FRB
20190117A, we have used measured width parameters and
scattering parameters reported in CHIME/FRB Collaboration
(2019a) and Fonseca et al. (2020); for the potential repeaters,
we have used the measured CHIME/FRB parameters from
CHIME/FRB Collaboration (2021). FRBs have been observed
to vary widely in repeat bursts, indeed even within the Group A
sources. Therefore, we take averages for Group A parameters
and treat all sensitivity estimates as educated approximations,
not definitive values. As the sensitivity limits are predomi-
nantly used to compare the two observatories, the most
important aspect is that the burst parameters are identical for
both observatories’ sensitivity calculations.

We calculate these limits for both CHIME/FRB and the
Arecibo Observatory, to enable comparison of the sensitivities
and to allow us to reliably combine data from the two
observatories. The parameters used to calculate these results are
shown in Tables 1 and 3; the results are shown in Table 4.
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The Arecibo Observatory sensitivity thresholds are lower
than the CHIME /FRB sensitivity limits, though not by as large
a factor as a simple radiometer equation calculation might
suggest. This is largely due to the effects of scattering.
Scattering timescales for CHIME/FRB detections are mea-
sured relative to 600 MHz. To determine the scattering
timescales for our Arecibo Observatory observations, we have
used the standard scaling used for pulsar scattering, 7, oc v
(Rickett 1969). Scaling to 327 MHz, therefore, increases the
scattering timescales from those measured at 600 MHz,
limiting the increase in sensitivity we are able to achieve by
observing with the Arecibo Observatory. Additionally, the 327
MHz receiver was among Arecibo Observatory’s less sensitive
receivers. However, as scattering timescales can vary between
bursts for repeating FRBs, this can be regarded as a slightly
pessimistic sensitivity measurement.

The sensitivity limit for FRB 20181030E is much higher
than for the other bursts. This is because FRB 20181030E is
much narrower than other bursts. Though in its initial detection
it appeared morphologically complex, subsequent analysis of
the CHIME/FRB Catalog 1 has revealed that it is in fact a
moderately narrow burst with structure likely better described
by scattering than by subburst drifting.

3.2. Constraints on Burst Rate

As we did not detect additional bursts from any of our
sources, we focus on providing constraints on burst rate. It is
not definitively known what the best distribution is to use for
predicting FRB burst rates. With that in mind, we approach this
problem from two directions. First, and simplest, we calculate
limits on burst rate based on a Poisson distribution. However, it
has been well established that a pure Poisson distribution does
not well describe FRB emission. Therefore, we also use the
Weibull distribution approach outlined by Oppermann et al.
(2018) and applied by other work in the field such as Caleb
et al. (2019). The Weibull distribution is itself an extension of
the Poisson distribution with the addition of a clustering
parameter.

3.2.1. Poisson Distribution

For a Poisson process with burst rate r, the distribution of
intervals, 6, between bursts is exponential:

P@lr)y=re?r. “4)

Though not the most physically motivated distribution for burst
repetition, the Poisson distribution is well understood and
makes minimal assumptions about our observation program.
To determine our repetition rate, we follow the example of
CHIME/FRB Collaboration (2019a) and present both observed
rates and scaled rates, both above 1Jy. All of our rates have
Poisson confidence intervals, calculated as outlined in Kraft
et al. (1991) and as implemented in astropy.stats. We
calculate rates for CHIME/FRB only and for CHIME/FRB-
Arecibo Observatory combined data. We do not calculate
Arecibo Observatory-only rates, as these would be trivially
zero. The exposure time and uncertainty in exposure time for
CHIME/FRB bursts is calculated as described in CHIME/
FRB Collaboration (2021). The exposure time for the Arecibo
Observatory is the sum of the individual observations’ duration
for each source. These results are shown in Table 5 and
Figure 1. As we would expect, the addition of significant
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Table 5

Poisson Repetition Rates® and Upper Limits for FRBs Selected for Follow-up with the Arecibo Observatory

Good et al.

Source CHIME/FRB. CHIME/FRB CHIME/FRB + AO CHIME/FRB + AO
Obs Scaled Obs Scaled
(bursts /hr) (bursts/hr) (bursts/hr) (bursts/hr)
FRB 20190116A° 0.044035° 0.045%9372 0.027+54% 0.0979%7
FRB 20190117A° 0.13479:3%2 0.0901534 0.09319232 0.0577943
FRB 20190109A <0.062 <0.031 <0.055 <0.026
FRB 20181030E <0.050 <0.16 0.046 <0.15
FRB 20181125A <0.077 <0.041 <0.070 <0.035
FRB 20181226B <0.048 <0.035 <0.043 <0.030
FRB 20190124C <0.050 <0.039 <0.048 <0.037
FRB 20190111A <0.043 <0.040 <0.041 <0.037
FRB 20181224E <0.048 <0.039 <0.045 <0.037
Notes.
4 Above 1 Jy.

Known repeater.

Arecibo Observatory exposure without a detection decreases
the burst rates.

The scaled rate can be determined by multiplying the
observed rate by (S/Sp), where S is our sensitivity limit in
janskys and So=1 Jy. Instead of scaling the final rate, we
instead scale the exposure time for each telescope, so that we
can add the exposure times and calculate a final combined,
scaled rate:

Nbursls (5)
Te(Sc /S + Tao(Sao/So)°

Tscaled =

3.2.2. Weibull Distribution

We follow closely the framework outlined by Oppermann
et al. (2018), creating a Weibull distribution with parameters r
(rate) and k (clustering parameter), determining Bayesian
probabilities for these data, and sampling over a grid of » and
k values. The likelihood functions for Weibull-distributed
repeater bursts are derived in detail in that work. The result is
that the Poisson distribution is generalized such that the interval
between bursts is

W(Slr, k) =k 6716 r T(1 + 1/k)JFe 0TA1/BY  (6)

where ¢ is the interval between bursts and I is the incomplete I'
function (Oppermann et al. 2018). If k=1, the Weibull
distribution reduces to the Poisson distribution. In cases where
k <1, the presence of one burst makes it more likely another
burst will be detected. This method has been used extensively
by the community since its introduction, including in
systematic efforts to understand FRB repetition such as Caleb
et al. (2019), Connor & Petroff (2018), and James et al.
(2020a).
The likelihood of a particular value of k and r is

pk, rIN, ty...ty) < p(N, ti...txlk, r)p(k, 1), @)

where we use a Jeffrey’s prior for p(k, r), and uniform sampling
in log k and log r, as in Oppermann et al. (2018), allowing us to
generate values for r and k by creating a grid of values in log(k)
and log(r).

Under the assumption that gaps between observations are
long relative to the length of observations, we can treat each

individual observation as an independent event and can
determine the total probability of our observed results by
multiplying together the probability of individual observation
outcomes. There are three possible outcomes for each
observation: no bursts are detected (N=0), one burst is
detected (N =1), or two or more bursts are detected (N > 1).
The vast majority of our observations are in the first category:
no detection. Each Group B source has one single-detection
observation (category 2) and Group A source FRB 20190117A
has several single-detection (category 2) observations. The only
observation in the third category, multiple detections in a single
observation, is Group A’s FRB 20190116A discovery
observation with CHIME. All other observations of FRB
20190116A are nondetections.

In general, the probability density, P, for N bursts during a
single observation of known duration, given k and r, is

PN, ... tnlk, r) = r CDF(4|k, r)
x CDF(A — tylk, 1)
N—1

x [T @1 — ik, r), ®)

i=1

where  the  cumulative  distribution  function  is
CDF = exp (—[6rT'(1 + 1/k)%).

Equation (8) is strictly valid only for the case where more
than one burst is detected in a single observation, which was
the primary focus of the original work and is a common use
case for the framework. However, Oppermann et al. (2018)
also derived special cases for N=0 and N=1, which we
employ extensively here. The probability density for an
observation of length A with one burst detected at time ¢, is

P(N = 1|k, r) = r CDF(¢|k, r)
x CDF(A — tylk, r). )

The probability of an observation of length 6 with no bursts
detected during the observation is simply Equation (9)
marginalized over the time of the first burst, i.e., a no-burst
observation is simply a one-burst observation with #; = oco:

PN = Olk, r) = f; dn, Pk, r), (10)
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Figure 1. Poisson repetition rates above 1 Jy for known repeaters (top panels) and upper limits on repetition for nonrepeating bursts (bottom panels). In both cases, the
left-hand panel shows observed and sensitivity-scaled CHIME/FRB-only rates or limits, while the right-hand panel shows combined CHIME/FRB and Arecibo
Observatory rates and limits. Note that FRB 20181030E is much narrower than other bursts and therefore has a much higher sensitivity threshold. This causes the

scaled rate to increase rather than decrease.

and thus
. k
PN = Olk. r) — Li(d/k, (AVT(1+1/k)))’ an
kT + 1/k)
where I'; is the incomplete I" function.
The total posterior for a set of observations is
Pk, rIN, 4y ... ty) < P(N, t ... tylk, r) Pk, r). 12)

This implementation was created with single-dish observa-
tories like the Arecibo Observatory and the Green Bank
Telescope in mind, and therefore it assumes the observation
duration and elapsed time from the start of the observation to
the burst are clearly defined. However, due to CHIME/FRB’s
complex beam structure, the exact start and end times of
CHIME/FRB observations, and therefore the elapsed times
between the burst and the start of the observation, are
somewhat ambiguous. The exposure time used in other
calculations in this work and in previous CHIME/FRB
publications is an attempt to quantify the amount of time a
source is visible, but it does not account for the substantial
daily time wherein sources are visible in the side lobes of the
beam; see CHIME/FRB Collaboration (2018) and CHIME/
FRB Collaboration (2021) for more detailed discussion of the

CHIME /FRB system. Between 2018 August 28 and 2021 May
1, there are approximately 760 days of observations that are
deemed “good” for science analysis by the CHIME/FRB
exposure and sensitivity team. These observations are approxi-
mately 3 minutes each. The time an “observation” begins (i.e.,
when the location of the burst becomes visible to CHIME/
FRB) is frequency dependent and complicated by side-lobe
structure. Therefore, for simplicity’s sake, we assume that the
first burst to occur during an individual daily observation
occurred at =0 within that observation, i.e., no elapsed time
between the start of the observation and the burst. We maintain
the spacing within the observation between the first and second
FRB 20190116A bursts. For the majority of observations,
where no burst is detected, we use Equation (10) and do not
make any assumptions about prior bursts. To meaningfully
combine CHIME/FRB and Arecibo Observatory data, we use
the scaling discussed in Section 3.1.

In Table 6, we present the posterior mean values for » and for
k as calculated using this method. In Figure 2, we present a
contour plot with the 68%, 95%, and 99% contours for k and r,
for the two known repeating sources.

Based on the rate analyses, we can say that the repetition
rates are generally low (on the order of 10~'=10">hr"). For
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Table 6
Posterior Means and Uncertainties for Weibull Distribution CHIME/FRB +
Arecibo Observatory Repetition Rates®

Source log(r) (hr~1) log(k)

FRB 20190116A° —1.6402¢ —0.166%3 %
FRB 20190117A" — 1281013 —0.1640%
FRB 20190109A —2.08+03 —0.1640%
FRB 20181030 —1.2270333 —0.164%0%
FRB 20181125A —1.85103 —0.164%0%
FRB 20181226B —1.92+034 —0.164%0%
ERB 20190124C —1.8240% —0.164%0%
FRB 20190111A —1.82703 —0.164%9%
FRB 20181224E —1.82+033 —0.164%0%

Notes.
1 Above 1 Jy.
b
Known repeater.

P(log(r)|N,t)
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Figure 2. Weibull distribution posterior probability distribution for clustering
coefficient k and burst rate r for FRB 20190116A (top panel) and FRB
20190117A (bottom panel). Contours are at 68%, 95%, and 99% probability.
The insets are marginalized posteriors for log(r) and log(k). The Oppermann
et al. (2018) implementation of the Weibull distribution finds a moderate
amount of clustering and burst rates above 1Jy, similar to the Poissonian
confidence interval burst rates discussed earlier. The preponderance of
nondetections means that there is little distinction between maximum-
likelihood k and r values for the two sources.

comparison, analysis of observations of FRB 20121102A with

the Five Hundred Meter Aperture Synthesis Telescope (FAST)

found a burst rate of 73673533 day ' using the same approach

Good et al.

in Zhang et al. (2021). As in the Poisson analysis, using a
scaled exposure time increases the repetition rate for FRB
20181030E due to its narrow width.

Though there may be a moderate clustering effect, it is
immediately obvious that the values determined by the Weibull
analysis for clustering coefficient k are nearly identical for all
sources, and are identical for all Group B sources. This
suggests that the Weibull analysis is not providing additional,
physically meaningful description of the burst repetition versus
the simpler Poissonian analysis as it cannot distinguish
different clustering behavior among the sources.

This likely occurs because of the preponderance of
nondetections in our data set. Each source’s list of observation
includes approximately 760 observations with CHIME /FRB.
Only one to six of these CHIME/FRB observations contain a
detection. CHIME/FRB nondetections are the dominant case
(as opposed to CHIME/FRB detections or Arecibo Observa-
tory nondetections). Therefore, mathematically, we are looking
at nearly identical data sets, particularly for the seven sources
with only one detection and over 700 nondetections each.

We might hope to see a higher degree of clustering from this
analysis, suggesting that we are simply missing clusters of
observations by observing at the wrong times. However, we
record only one multiburst observation, for FRB 20190116A.
The Weibull implementation used here does not account for the
time between individual observations, so only multiburst
observations appear as clusters. This means CHIME/FRB, with
its short daily observation duration for these sources, is unlikely
to detect a cluster of detections; the FRB 20190116A pair of
detections is an unusual case. In principle, the presence of this
cluster should distinguish the value of k for FRB 20190116A.
However, there is only one such cluster in 766 observations, so
each individual observation affects the parameters only margin-
ally. It is worth noting that the independent events assumption
made in Oppermann et al. (2018) is valid: the time between
observations is long relative to the observation duration (one
sidereal day compared to approximately 3 minutes). However,
maximizing our understanding of CHIME /FRB data will require
us to move beyond this simplification.

The excessive imbalance between detections and nondetec-
tions and the failure to account for gaps between observations
emphasizes that the Oppermann et al. (2018) implementation of
the Weibull distribution is likely insufficient for analyses that
incorporate CHIME /FRB data or data from other all-sky FRB
monitors. Though this structure has been commonly used in
discussing FRB repetition, the time has come for a more
sophisticated model. One method that attempts to address this
challenge is that of James et al. (2020a), but a full
implementation is beyond the scope of this work.

The discovery of periodic activity from FRB 20121102A
and FRB 20180916B also suggests that a Weibull distribution
may be an inadequate tool for understanding repetition, as it
suggests that a simple repetition rate may be the wrong quantity
to consider in discussing frequency of repetition. Our knowl-
edge of repeater periodicity would motivate a further extension
of this method to account for the spacing between observations.
However, we do not attempt such an extension in this work, as
we have no concrete evidence of periodicity within our sources.

3.3. Comparison with Other Repeaters

When noting the very low repetition rates suggested by both
Poisson and Weibull analyses, the reader might be tempted to



THE ASTROPHYSICAL JOURNAL, 944:70 (10pp), 2023 February 10

e Other CHIME repeaters
12001 Group A Sources
f Group B sources
1000 1

®
=3
S

@
=3
S

[

'
o
S

Excess DM (pc/cm?3)

N
=3
]

° 1}

T': *
<7
v

.
“

0.0 01 02 03 04 05

Scaled Burst Rate (burst/hr)
Figure 3. Excess DM (in parsec per cubic centimeter) plotted against burst rate
(scaled by sensitivity relative to 1 Jy) for repeaters published in CHIME/FRB
Collaboration (2019a) and Fonseca et al. (2020), as well as FRB 20121102A
and Group A and Group B Arecibo Observatory follow-up sources. Group A
sources are represented by orange stars, Group B sources by green upper-limit
symbols, and other CHIME/FRB repeaters by blue dots. The properties of
known CHIME/FRB repeaters are taken from CHIME/FRB Collaboration
(2021). There is no significant correlation between the number of bursts
detected by CHIME/FRB and excess DM. Additionally, our Arecibo
Observatory follow-up sources do not appear to be more distant than observed
CHIME/FRB repeaters.

conclude that there was something unusual about these sources
—perhaps they were particularly close to the flux-density limits
of our telescope, or perhaps they are particularly distant. Of
course, limited observation duration is a concern for a CHIME-
only analysis, but the inclusion of Arecibo Observatory data in
this analysis mitigates that factor, providing focused, long-
duration observations of the relevant regions and, for Group A
sources, substantially increasing overall exposure time. In this
section, we present a brief analysis of these sources in the
context of CHIME/FRB-detected repeating FRBs published in
CHIME/FRB Collaboration (2019a), Fonseca et al. (2020),
and Josephy et al. (2019). For brevity and for maximum
relevance, we compare only CHIME detections and do not
include detections from other telescopes such as the ASKAP or
the Green Bank Telescope.

In Figure 3, we plot excess DM versus a simple burst rate.
As is common in pulsar and FRB astronomy, we are using DM
as a proxy for distance. Excess DM is calculated by subtracting
the measured Galactic DM from the total measured DM of the
FRB. Here, we use the mean of the Yao et al. (2017) and
Cordes & Lazio (2002) DM map values for the Galactic DM to
these positions. It is important to note that this simple analysis
does not account for contributions from the host DM; such a
calculation could in principle be conducted with the methods
presented in Chawla et al. (2022). The burst rate for our sources
is the rate or upper limit from Table 5. The burst rate for other
CHIME repeaters is calculated by dividing the number of
bursts by the total exposure time, 2018 August 28 to 2021
May 1.

In Figure 3, it is apparent that the burst with the highest
number of measured repetitions is also the closest, FRB
20180916B. However, the relationship between number of
repetitions and excess DM is more ambiguous for other bursts.
It is certainly the case that our Group A and our Group B
sources are not anomalously distant. They appear alongside the
bulk of our published repeaters, suggesting they are not
exceptional.

The second question we might ask is are our sources
anomalously dim and therefore unlikely to be observed again,
i.e., could our detections be the very brightest bursts from this
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Figure 4. Average CHIME/FRB fluence measurement for known CHIME/
FRB repeaters, Group A sources, and Group B sources, plotted against burst
rate scaled above 1 Jy.

source and thus we are failing to see any further bursts? In
Figure 4, we plot the burst fluence, in janskys per meter per
second, from CHIME /FRB Collaboration (2019a) and Fonseca
et al. (2020) for CHIME/FRB repeaters and Group A sources
and from CHIME/FRB Collaboration (2021) for Group B
sources against the scaled burst rates for Group A sources and
upper limits for Group B sources. Here, it appears that our
sources have slightly higher fluences than CHIME/FRB
repeaters with similar rates. This suggests that we are not
limited to detecting only the brightest bursts from these
sources; CHIME/FRB has detected repetition from sources
with lower fluences.

Overall, we assert that there is nothing exceptional about
these bursts: they are not particularly distant nor are they
particularly dim. This is important as it means we cannot
disregard the nondetection of further (or initial) repetition as
being simply a function of unusual sources.

4. Discussion and Conclusions

This work was conceived with the idea that we could detect
further bursts from repeater or repeater-like sources with higher
time and frequency resolution and potentially higher sensitiv-
ity. We found no such bursts, in 20.1 hr of observation for FRB
20190117A, 27.1 hr of observation for FRB 20190116A, and
2-5 hr of observation for each of the Group B sources.
However, the nondetection of repeat bursts is instructive and
provides an important insight for the study of repeating FRBs
broadly: low-burst-rate repeating FRBs are a real component of
our population, and increased exposure time and improved
sensitivity do not ensure the discovery of further repeat bursts.

One potential difficulty in this project was observing
cadence. Our observing cadence with the Arecibo Observatory
was set essentially at random, based on the idea that we could
not predict when FRBs would be active. However, our
increasing understanding that FRBs go through active and
inactive periods may lead to changes in how we conduct such
follow-up observations. Ideally, we would detect this periodi-
city with a more passive monitor like CHIME/FRB and then
be able to apply triggered observations as in Chawla et al.
(2020). However, even in the absence of such a program, we
may be able to create more efficient programs. It may be better
to propose focused blocks of observation, e.g., 1.5 hr per day
every day for a week, repeated several times, versus the
roughly weekly cadence of these observations.

Another hurdle is our limited knowledge of FRB properties
below 400 MHz. Our first sub-400 MHz FRB discoveries were
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made recently, and we still have only a handful (e.g., Chawla
et al. 2020; Pilia et al. 2020; Parent et al. 2020; Sand et al.
2020; Pleunis et al. 2021b). Of this handful, most are repeat
detections of FRB 20180916B. Though FRBs are detectable at
low frequency, it remains to be seen whether lessons from
higher frequencies are applicable.

This work indicates that, while morphological studies of the
CHIME/FRB Catalog 1 have been suggestive of the possibility
of two separate populations of FRBs, we should be cautious of
overinterpreting data. Some nonrepeating FRBs do appear to
have the same morphological characteristics as repeating FRBs.
It also suggests that highly clustered and/or very-low-burst-rate
repeating FRBs are an important consideration in our
population-level understanding of repetition.

Understanding repeating FRBs across the full range of burst
rates has broad implications for our understanding of repeating
FRBs at large. The rate distribution has implications for the
properties and possible origins of FRBs, with James et al.
(2020b) demonstrating the power of repetition rate to constrain
possible progenitor models. Lu et al. (2020) proposed that the
properties of the first 18 CHIME/FRB repeating FRBs could
be suggestive of either a shallow energy distribution or a broad
distribution of repetition rate; the existence of both low-burst-
rate repeaters like our Group A sources and high-burst-rate
sources like FRB 20121102A and FRB 20180916B suggests
the latter hypothesis. Further, James (2019) suggests that all
FRBs cannot be repeating FRBs with rates comparable to FRB
20121102A. This could simply be evidence of multiple
populations of repeating and nonrepeating FRBs, but would
also be consistent with a range of repetition rates among
repeating FRBs.

The continued nondetection of repetition from morphologi-
cally interesting sources is itself very intriguing, but hard to
quantify. This may be evidence that all FRBs repeat, via a
linkage between repeater-like properties and bursts which
appear to be one-off, or it may be an indication that we have
caught only the tails of the brightest bursts (and were unlucky
with follow-up observations).

The demise of the Arecibo Observatory means that we
cannot directly continue this project. However similar projects
could be conducted in the future, using the FAST.

With the release of CHIME/FRB Catalog 1 and accom-
panying meta-analyses, we are beginning to draw educated
conclusions about the nature of the FRB population, including
the properties of the repeater population. Though we still have
much to learn and should draw conclusions cautiously, we also
eagerly look forward to further studies of individual repeaters
in-depth and continued expansion of the known list of
repeating FRBs by surveys such as those at FAST, ASKAP,
and CHIME /FRB.
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