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Abstract

We report 10 fast radio bursts (FRBs) detected in the far sidelobe region (i.e., >5° off-meridian) of the Canadian
Hydrogen Intensity Mapping Experiment (CHIME) from August 28 2018 to August 31 2021. We localize the
bursts by fitting their spectra with a model of the CHIME/FRB synthesized beam response. We find that the far
sidelobe events have on average ~500 times greater fluxes than events detected in CHIME’s main lobe. We show
that the sidelobe sample is therefore statistically ~20 times closer than the main lobe sample. We find promising
host galaxy candidates (P.. < 1%) for two of the FRBs, 20190112B and 20210310B, at distances of 38 and
16 Mpc, respectively. CHIME /FRB did not observe repetition of similar brightness from the uniform sample of 10
sidelobe FRBs in a total exposure time of 35,580 hr. Under the assumption of Poisson-distributed bursts, we infer
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that the mean repetition interval above the detection threshold of the far sidelobe events is longer than 11,880 hr,
which is at least 2380 times larger than the interval from known CHIME/FRB detected repeating sources, with
some caveats, notably that very narrowband events could have been missed. Our results from these far sidelobe
events suggest one of two scenarios: either (1) all FRBs repeat and the repetition intervals span a wide range, with
high-rate repeaters being a rare sub-population, or (2) non-repeating FRBs are a distinct population different from

known repeaters.

Unified Astronomy Thesaurus concepts: High energy astrophysics (739); Radio transient sources (2008); Radio
bursts (1339); Neutron stars (1108); Time domain astronomy (2109); Extragalactic astronomy (506)

1. Introduction

Fast radio bursts (FRBs) are bright radio transients with
milliseconds duration, cosmological origin, and unknown
physical mechanism (D. R. Lorimer et al. 2007; E. Petroff
et al. 2019a; J. M. Cordes & S. Chatterjee 2019). In the past
decade, over 600 FRBs have been published (CHIME/FRB
Collaboration et al. 2021), of which 50 have been seen to repeat
(L. G. Spitler et al. 2016; CHIME/FRB Collaboration et al.
2019a, 2019b, 2020a; E. Fonseca et al. 2020; CHIME/FRB
Collaboration et al. 2023a). Nearly two dozen FRBs have been
localized to their host galaxies using interferometry. With
galaxy identification, redshift and host type can be determined,
which are crucial for understanding the nature of FRBs
(S. Chatterjee et al. 2017; V. Ravi et al. 2019; B. Marcote
et al. 2020; J. P. Macquart et al. 2020; F. Kirsten et al. 2022).

There is a diversity of physical models for FRBs (see
E. Platts et al. 2019) with many models allowing for repetition
and many not. One possibility is that some FRBs do not repeat,
which motivates cataclysmic scenarios such as a merger system
for black holes or neutron stars (T. Totani 2013; C. M. F. Min-
garelli et al. 2015). Another possibility is that all FRBs will be
seen to repeat as long as the observation time is long enough
and with sufficient instrumental sensitivity. Two repeaters have
been observed to show periodic activity windows (CHIME/
FRB Collaboration et al. 2020a; K. M. Rajwade et al. 2020;
M. Cruces et al. 2021). For some repeaters, the bursts appear
clustered, and the waiting times could be from a few hours to
several months (D. Li et al. 2021; A. E. Lanman et al. 2022). In
addition, there is an observed dichotomy between the
morphology of apparent non-repeaters and repeater bursts
(Z. Pleunis et al. 2021).

To detect an FRB, either the telescope must have a high
sensitivity that allows it to detect apparently faint, more
common events, or a long exposure time, so that it can detect
apparently bright, rare events. For a radio telescope, most of the
sensitivity is directed toward a “main lobe,” where the
telescope is pointed (along the meridian in the case of the
Canadian Hydrogen Intensity Mapping Experiment (CHIME)),
but the telescope and its synthesized beams have lower
sensitivity out to the horizon in “sidelobes.” With sufficient
exposure time, events will be detected in the sidelobes. Since
sidelobes are less sensitive than the main lobe, events detected
in sidelobes will be rare and apparently bright. Assuming that
all FRBs have the same luminosity function, apparently bright
events are typically closer than faint events, because nearby
sources tend to be brighter than farther sources (H.-H. Lin et al.
2022).

For instance, CHIME /FRB detected apparently bright bursts
from the Galactic magnetar SGR 193542154 in the far
sidelobe regions (CHIME/FRB Collaboration et al. 2020b;
F. A. Dong & CHIME/FRB Collaboration 2022). Moreover,
the Parkes (Murriyang) telescope detected another apparently

bright and low-dispersion measure (DM) FRB, FRB
20110214A, in the sidelobes of two of the beams of the
multibeam receiver (E. Petroff et al. 2019b). With ~60 hr of
follow-up observations, the Parkes telescope did not detect any
repeating bursts (E. Petroff et al. 2019b). The non-detection of
repetition raises a key question in the FRB field: Do all FRBs
repeat? And if they do, how long an exposure time is needed to
observe the repetition from an apparent non-repeater? Events
detected in CHIME/FRB far sidelobes have daily exposure
times of several hours at a sensitivity threshold of the initial
detection. They thus probe a regime that is different from that
in the main lobe sample: extremely long per-source exposure
times for the detection of bright bursts. These long exposures
are therefore useful to answer this question.

In this paper, we present 10 far sidelobe FRBs detected by
CHIME/FRB with hour angles (HAs) up to 2.81 hr (42.1 deg
in longitude) over a time span of 3 yr. The 10 far sidelobe
FRBs are a good sample for our science questions, as they are
detected from the same telescope and the searches for repetition
are performed using the same pipeline. In Section 2, we discuss
the identification, localization, and holographic flux calibration
of the far sidelobe events. In Section 3, we show the far
sidelobe sample is statistically much closer than FRBs detected
in the main lobe and search for potential host galaxies and
multi-wavelength and multi-messenger counterparts. In
Section 4, we discuss the constraints on the repetition interval
of one-off FRB events by using the 10 far sidelobe events.
Finally, we summarize and discuss future possibilities in
Section 5.

2. Far Sidelobe FRBs
2.1. Identification

For CHIME/FRB, events are in far sidelobes if they are
located at least several beam widths (1.3-2.6 deg from 800 to
400 MHz) away from the meridian. The signature of such a
detection is a dynamic spectrum (i.e., waterfall plot, see
Figure 1) with more than two spikes in the spectral profile, as
has been seen in the SGR 193542154 detection by CHIME/
FRB (CHIME/FRB Collaboration et al. 2020b) and FRB
20110214A by the Parkes telescope (E. Petroff et al. 2019b).
The detected spectrum is the product of the intrinsic spectral
profile and the beam response. The beam response in the far
sidelobe region shows spiky patterns across frequency
channels. When a source is detected in the far sidelobe region,
the spectrum of the event therefore shows at least two spikes,
which is different from narrowband events detected in the main
lobe and near sidelobes (CHIME/FRB Collaboration et al.
2021; Z. Pleunis et al. 2021).

As CHIME /FRB forms 1024 beams with four east-west (E—~
W) columns and 256 north-south (N-S) rows (CHIME/FRB
Collaboration et al. 2018; CHIME Collaboration et al. 2022a),
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Figure 1. The dynamic spectrum of an example sidelobe event, FRB 20190210D. The panels from left to right represent the de-dispersed dynamic spectra of each
beam from E-W in the same N-S row. Each dynamic spectrum has a frequency resolution of 3.125 MHz with the range from 400 to 800 MHz and timing resolution of
0.98304 ms with a total range of 30 ms. The frequency channels dominated by RFI are masked. The color scale is linear with intensity.

spectral spikes arising from sidelobe events must have similar
amplitude across all four E-W beams in the same N-S row of
CHIME/FRB’s formed beams. Spikes in the spectra of FRBs
could also be caused by scintillation and intrinsic emission
effects. However, the spikes from the sidelobe beam response
will always be of similar amplitude across all four beams and
be evenly spaced in frequency. This makes them easily
distinguishable from such effects. The sensitivity in a sidelobe
is much lower than in the main lobe. Therefore, a far sidelobe
event must be very bright to satisfy the triggering conditions
(see Section 2.3).

We visually inspect dynamic spectra of CHIME/FRB
events, for which the triggering criteria are described by
CHIME/FRB Collaboration et al. (2018, 2021), and find 10 far
sidelobe events from 2018 August 28 to 2021 August 31.
Figure 1 shows the dynamic spectrum of one of the far sidelobe
FRBs, while Figure 12 (see Appendix B) shows the dynamic
spectrum of all 10 far sidelobe FRBs reported in this paper. We
also show far sidelobe events from pulsars PSR B0329-+54 and
PSR B05314-21 (the Crab pulsar) in Figure 12, which we use
to validate the following localization analysis.

2.2. Localization

In CHIME /FRB, there are three major localization pipelines:
the header localization, the intensity localization, and the
baseband localization, which provide precision on the order of
degrees, sub-degree, and arcminute to subarcminute, respec-
tively (CHIME/FRB Collaboration et al. 2018; D. Michilli
et al. 2021). The header localization method in CHIME /FRB’s
real-time pipeline assumes that the event occurred within
+2.5deg of the CHIME meridian. It will therefore always
provide an erroneous localization for far sidelobe events. We
therefore use a different method that utilizes the CHIME /FRB
intensity data. The baseband localization for the sidelobe events
is under development.

The CHIME/FRB intensity data consist of total-intensity
dynamic spectra in 16384 frequency channels sampled at
0.98304 ms time resolution. A dynamic spectrum is saved for
each beam that detected a signal in the real-time search plus all
beams adjacent (in both the E-W and N-S directions) to those
detection beams (CHIME /FRB Collaboration et al. 2018). We
have developed three independent methods using those data

sets to localize far sidelobe events. The first method (hereafter
Method 1) fits a detailed model of CHIME/FRB’s synthesized
beams and an underlying source spectrum to the spectra of the
burst using a Markov Chain Monte Carlo (MCMC) method
described below. Methods 2 and 3 attempt to simplify the
localization procedure by fitting only for the spiky interference
pattern in contrast to the more complex model in Method 1.
These methods use the concept of diffraction and are presented
in Appendices A.1 and A.2.

Since Method 1 shows smaller localization errors than the
other two methods, we apply Method 1 for localizing far
sidelobe FRBs and describe it here. The spectra are first
downsampled to 64 sub-bands extracted from a time window
that has four times the measured boxcar width of the burst.
These spectra are fitted with the product of the CHIME /FRB
beam model®’ (described by C. Ng et al. 2017; K. W. Masui
et al. 2019) and an underlying power-law burst spectrum which
can be described by

- ) : )

A 7
400 MHz ( 400 Miiz

where A4 mp 1S the amplitude in units of signal to noise at a
reference frequency of 400 MHz, v is the frequency, and « is
the power-law index. This results in four free parameters: a,
A400 MHz» Plus the two parameters of the sky position. We use
flat priors on the position of the event that span 80 deg to either
side of the meridian E-W, and in the N-S direction the extent
of the beams that detected the event. Note that, for these far
sidelobe events, we use only the fast Fourier transform formed
beam model, and do not consider the effect of the primary
beam of the telescope (which is available in the CHIME/FRB
beam model).38 This, as well as any deviation from a power
law in the true spectrum of the FRB, leads to significant
residuals in the fits. This choice was made as the localization
precision is dominated by the rapidly varying spike pattern of
the synthesized beam, rather than the much slower varying, as a
function of frequency, primary beam response. Including the

37 Available at: https://github.com/chime-frb-open-data/chime-frb-beam-
model/.

3 https:/ /chime-frb-open-data.github.io /beam-model/
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25+

201

154

S/N

10

600
Frequency (MHz)

600
Frequency (MHz)

400 800

800

600
Frequency (MHz)

600 800

Frequency (MHz)

800

Figure 3. Spectra (solid black) and fitted model (solid red) for the intensity localization of an example sidelobe event, FRB 20190210D. The panels represent each E—
W beam as in Figure 1. The model of CHIME/FRB’s synthesized beam (arbitrarily scaled) is plotted as gray dotted lines and the underlying fitted power-law FRB
spectrum is plotted as gray dashed lines. Note that residual spike-to-spike amplitude variations are likely due to either (i) deviations of the underlying spectrum from a
power-law and/or (ii) frequency-dependent structure of the unmodeled primary beam.

primary beam model necessitates a much wider range in
amplitude to be searched due to the suppression from the
primary beam far from the meridian.

The models are fit to the spectra using the emcee package
(D. Foreman-Mackey et al. 2013).*° The output MCMC
samples often display multiple modes in R.A., decl.parameter
space. However, for each of the 10 events in this paper, the
mode that has the highest posterior density is the only one for
which the model visually matches the spiky signature in the
data. We therefore filter out these extraneous samples as being
local optima in parameter spaces that are poor fits of the data.
Figure 2 shows the output, before and after filtering the
samples, of such a fit for an example sidelobe event. Figure 3
shows the spectra and the resulting fitted (derived from the

3 hitps: //emcee.readthedocs.io

posterior medians) model. Fitted models and MCMC output
sample distributions for all of the sidelobe events are shown in
Figures 13, 14, 15, and 16 in Appendix B.

The giant pulses of bright pulsars PSRs B0329+54 and
B0531421 are commonly detected in the far sidelobes of
CHIME and trigger the CHIME/FRB search pipeline and we
use these to verify our far sidelobe localization methods. We
collected intensity data of far sidelobe events from those two
sources: 47 single-pulses from PSR B0531+4-21 and 50 single-
pulses from PSR B0329+54 (R. N. Manchester et al. 2005),
with an HA larger than 15 deg and a signal-to-noise ratio (S/N)
larger than 9.0. Figure 4 shows the similar distribution of S/N
and HA for the far sidelobe events from PSRs B0329+-54 and
B0531+21. The pulsar events therefore broadly span the E-W
beam response of CHIME/FRB, so they can be used to
calibrate our localization methods, which primarily depend on
that E-W response.


https://emcee.readthedocs.io
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Figure 4. The S/N vs. HA for the sidelobe events of PSR B0531+21, PSR
B0329+-54, and 10 FRB events.

Similar to the 10 FRB events, the posterior distributions for
the test pulsars are multimodal. For all test events, the true
location of the pulsar is in the mode with the highest posterior
probability density and visually the additional modes are poor
fits to the spiky fringe pattern. The spiky pattern is the spectral
feature that is most dependent on sky location, so if the model
does not match that pattern, it can be safely excluded. The
pulsar test events give us confidence that our choice to retain
only the maximal mode in the posterior for the FRBs is robust.
The outlier islands could potentially be avoided with improved
priors or more sophisticated samplers that avoid local optima.
However, given the evidence from the pulsar test set that the
removal of these outliers is robust, we choose not to pursue it
further at this time.

Figure 5 shows the offsets between the true position of PSRs
B0329+54 and B0531+21 and the measured position from
Method 1. We use these offsets to estimate a conservative
systematic error for our Method 1 localizations. Namely, we
use the offsets that encompass the 90% credible intervals for
90% of the pulsar events. This results in a systematic
uncertainty in R.A. of 0.07deg and 0.10deg in decl. In
Table 2, we present this error summed in quadrature with the
statistical uncertainty derived from the posterior samples. We
note that there is a slight systematic offset evident in HA for
both pulsars. We do not yet understand its origin, and do not
attempt to correct for it as it is well encompassed by our
conservative systematic error estimation.

Figures 10 and 11 in Appendices A.2 and A.3, respectively,
show the far sidelobe localization results for PSRs B0531+21
and B0329+-54 from the three localization methods.

2.3. Holographic Calibration

In this section, we use holography data from three continuum
sources to estimate the S/N of the far sidelobe events had they
been detected on-axis (S/Nop-axis) instead of their far sidelobe
location.

Holographic techniques have been used to measure the shape
of the primary beam of the CHIME telescope at the Dominion
Radio Astrophysical Observatory (DRAO; P. Berger et al.
2016; A. Reda et al. 2022; CHIME Collaboration et al.
2022a, 2022b). Specifically, we track a bright source with the
DRAO John A. Galt Telescope for at least 4 hr around its
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transit of CHIME (A. Reda et al. 2022). A holographic
visibility is obtained as the cross-correlation of the measured
voltage of a CHIME feed with that of the Galt Telescope; as the
equatorially mounted Galt Telescope’s response is constant, the
CHIME-26 m visibility provides a measurement of the CHIME
beam shape, for each feed (P. Berger et al. 2016; CHIME
Collaboration et al. 2022a, 2022b). Before they can be used for
beam analysis, the holography data undergo several processing
steps.

First, the raw visibilities are fringe stopped to the location of
the calibrator source, removing the interferometric phase
associated with the geometric delay between the point source
signals arriving at CHIME and the Galt Telescope. This step
isolates the complex beam phase and allows for the data to be
downsampled in HA without decohering due to the rapid
fringing in the raw visibilities.

The Galt Telescope is connected to the CHIME correlator by
a combination of 100 m RG-214 and 305 m LMR-400 coaxial
cables. CHIME, however, contains only 55 m of coaxial cable.
This disparity causes the signals from the Galt Telescope to
arrive at the correlator with a relative (to CHIME) delay that is
a significant fraction of the integration time of a single
correlation frame (2.56 us), suppressing the amplitude of the
resulting visibilities. Moreover, because the geometric delay
between CHIME and the Galt Telescope increases as the source
transits overhead from E-W, the amount of signal loss varies
(monotonically) with time, causing an asymmetry in the
inferred beam response. As the decorrelation is fundamentally
an effect of the finite time window used to channelize the data,
we account for this by simulating the response of the polyphase
filter bank implemented in CHIME. This allows us to calculate
the amplitude of the decorrelation for arbitrary delays, and thus
correct for it in the holography. The method of correcting for
the delay is described in A. Reda et al. (2022). They model two
components to the delay: the ordinary geometric delay, which
varies with time and is completely determined by knowledge of
the baseline distances and the locations of the calibrator
sources, and the static delay associated with the cable length
between the Galt Telescope and the CHIME correlator.
A. Reda et al. (2022) find a best-fit model which accounts
for the total delay to within 0.1%. We correct the holography
data used in this work with this best-fit model.

Finally, the holography data are regridded, using an inverse
Lanczos interpolation scheme, onto a prespecified grid in HA
spanning, in the case of this analysis, from —60 to +60 deg, at
a resolution of about 0.1 deg.

There is a potential polarization leakage issue at lower
declinations and at frequency ranges above 750 MHz that is
still being investigated. Additionally, the band at 725-750 MHz
is dominated by radio frequency interference (RFI). As such,
we only use the holography data from three bright, high-decl.
calibrators, Cassiopeia A (CasA), 3C295, and Cygnus A
(CygA) at 400-725 MHz for the following analysis. Their flux
densities at 400—725 MHz are tens (3C295) to thousands
(CasA, CygA) of Iy (R. A. Perley & B. J. Butler 2017). We list
their properties in Table 4 in Appendix C. We normalize the
raw visibility of each CHIME-26 m baseline and each
frequency at the meridian. To remove RFI, we cross-correlate
the raw visibilities of the same calibrator in the same baseline
and the same frequency channel from two different dates. We
further mask frequency channels with persistent RFI, resulting
in the raw squared visibility, i.e., the beam response of the
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Figure 5. The localization offsets of the far sidelobe events from PSR B0329+54 and B0531+21 in terms of the range of HAs using Method 1.

CHIME feed in that holographic baseline. For each of the 32
12.5 MHz wide frequency sub-bands, we choose the median
value of the beam response in the sub-band. We stack the data
for the four cylinders together by choosing the median value at
each sub-band.

We then construct a model for the beam response using
singular value decomposition (SVD) techniques (V. Klema &
A. Laub 1980) applied to the measured cylinder-stacked beam
response from the holography data. For this, we use the
following cylindrical coordinates:

x = sin(A)cos(a),

z = sin(a),
x
p = arctan =,
z
frequency)
= =221, 2
p(f) p(8OOMHz (2

where A and a represent the time-dependent azimuth and
altitude of the source, respectively. To get rid of the frequency
dependence of the beam size, we convert p to p(f) by referring
to the top of the CHIME band, i.e., 800 MHz. We use the
consequent beam response in terms of frequency and p(f) in
the following analysis. Figure 18 in Appendix C shows the
beam response of the three calibrators. Figure 6 shows the
beam response averaged over 400-725 MHz with the position
p(f) of the 10 far sidelobe FRBs.

We use the SVD to decompose the frequency-scaled beam
response into one eigenvalue and two eigenfunctions as

.
Br o) = 2 UpnSuVipr)» )

where By ) is the beam response in cylindrical coordinates,
with scaling the p by a factor of frequency /(800 MHz), and for
each mode n: Uy, is the eigenfunction in frequency f, S, is the
eigenvalue, and VnTp(f) represents the transpose eigenfunction in
p(f). Figure 17 in Appendix C shows the SVD decomposition
of the beam response of CygA.

We use the first two modes of the By, from CygA to
reconstruct the beam model, which is shown in Figure 19 in
Appendix C. We compare the beam model with the By, from
CasA, 3C295, and CygA. Figure 20 in Appendix C shows that
the residuals (the absolute value of data/model) are generally
around an order of unity. In other words, the SVD-
reconstructed beam of CygA is consistent with the holography
data from the other two calibrators at high decl.

2.4. The On-axis S/N of Far Sidelobe Events

We infer that the equivalent S/N of the far sidelobe events if
viewed in the main lobe is

S/Nonfaxis = %(S/Nobs)’ (4)

where S/Np_axis 18 the S/N value converted to the main lobe,
G is a geometric factor in the range from 4 to 5 that takes into
account the flux lost due to the spiky synthesized beam
response and is derived in Appendix D, B is the averaged
primary beam response given in Table 1, and S /N is the S/N
reported by bonsai (CHIME/FRB Collaboration et al. 2018).

We combine the S/Ngps values from Table 2, the beam
response B from Table 1, and the geometric factor G of 4-5 to
calculate the S/Ng,_axis values in Table 2.

The median S/Ny,..xis Of the far sidelobe events is 7700,
compared to a median S/N,p, for main lobe events of 15.0
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Table 1
The Measurements of Beam Response

Calibrators®

FRB Name® o° B
(deg) CasA 3C295 CygA

20190125B —9.56 0.0108 0.0107 0.0137 0.0117

20190202B —7.96 0.0114 0.0115 0.0147 0.0125

20190210D 15.60 0.0066 0.0061 0.0063 0.0063

20191104B —17.05 0.0048 0.0047 0.0065 0.0053

20191201B —13.77 0.0083 0.0075 0.0111 0.0090
20191219E 5.67 0.0080 0.0087 0.0091 0.0086
20201105A 17.75 0.0044 0.0039 0.0043 0.0042
20201129A 10.81 0.0101 0.0097 0.0102 0.0100
20210310B 13.37 0.0090 0.0083 0.0090 0.0088
20210810A 16.32 0.0057 0.0052 0.0056 0.0055
Notes.

# The TNS name of the 10 far sidelobe events.

® The best-fit position converted to cylindrical coordinates, which we define in
Equation (2).

¢ The beam response of the three calibrators at the modeled position, for which
we take the average over p(f) of the far sidelobe events.

4 The averaged beam response of the three calibrators at the modeled position
of the far sidelobe events.

(CHIME/FRB Collaboration et al. 2021). Thus, the far
sidelobe events seen by CHIME/FRB are ~500 times brighter
than the main lobe events.

2.5. Properties of the 10 Far Sidelobe FRBs

We list the properties of the 10 far sidelobe FRBs in Table 2,
including the position as measured by Method 1, the observed
S/N reported by bonsai, and the S/N had the burst been
detected on-axis. For the DM, we report the total value as well
as the excess DM (DM,,.) by subtracting the NE2001 and
YMWI16 models at the modeled position (J. M. Cordes &
T.J. W. Lazio 2002; J. M. Yao et al. 2017) from the total DM.

3. Distances, Hosts, and Counterparts
3.1. The Distance of the Far Sidelobe Events

The low beam response at the location of the sidelobe FRBs
implies that they are much brighter than those detected in the
main lobe. Here, we show that this implies that they are also
nearby. As shown in the appendix in D. Li et al. (2019), the
average distance of all the sources detected by instrument A
with sensitivity S, will be

er(r)dr
ryr) = ——-
[N (ar

VEmax/ 4TS E
A re@r) [\ " f(E)dEdr
o N, Ermax/4mSm Epnax ’
A ro() [ " f(E)dEdr

&)

S,

where N(r) is the number of bursts visible to A at a distance r;
f(E) is the energy distribution of bursts detected from a single
source; ®(r) includes all the redshift-related evolution and
selection effects, which we will discuss later; and E|,.x is the
maximum energy of the bursts.

Assume detector B is K times less sensitive than detector A,
and therefore can detect a minimum flux of S,,” = §,,K. Then
we can write the average distance of the sources detected by B
(r'y following Equation (5) but substituting variable r with

r'=rJK:

M
T e R [ f@as
x m .
j(‘)m P20 /JK) Li”‘ax f(E)dE dr'

2
'S




Table 2
The Properties of Our Sample of 10 Far Sidelobe FRBs
c f
FRB Name MID400° S/N RA. oAb Decl. ODear? HA Exposure! DM¢ DMexe
-3
MID Obs On-axis (hh:mm:ss) (arcminute) (dd:mm:ss) (arcminute) (deg) (hr) (hr day’l) (pc cm™) (pc cm™)
J2000 J2000 Total NE2001 YMWI16
20190125B 58508.6275449(7) 13.2 500099 14:29:48 7 +49:37:54 6 12.3 0.82 2.5 177.9(1) 147.0 154.9
20190202B 58516.2854860(3) 20.2 7200999 07:02:19 5 +31:57:30 7 8.6 0.57 14 464.8(1) 370.6 338.8
20190210D 58524.8019839(3) 20.6 15, 0001799 22:17:58 7 +52:53:20 6 —26.0 —-1.73 5.7 359.3(1) 106.3 84.6
20191104B 58791.3213754(3) 14.9 13, 0001359 01:20:37 5 +26:42:05 7 18.1 1.20 2.7 192.2(1) 147.1 156.0
20191202A 58819.0838904(3) 14.1 7000399 19:51:56 19 +70:49:07 8 42.1 2.81 17.1 117.9(1) 50.7 49.7
20191219E 58836.9494414(3) 11.1 5800799 21:18:30 8 +55:50:48 7 —10.3 —0.69 2.5 736.7(1) 503.0 336.2
20201105A 59158.2799433(1) 10.7 11, 0001399 02:42:18 5 +14:23:13 7 —15.6 —1.04 2.1 262.4(1) 218.9 226.0
20201129A 59182.4229631(1) 16.4 73001999 07:52:17 7 +53:16:55 6 —17.8 —1.19 4.0 274.6(1) 219.6 221.8
20210310B 59283.3925499(1) 15.7 80007900 13:42:21 5 +35:33:46 6 —16.7 —1.12 2.7 135.5(2) 110.6 115.1
20210810A 59436.0351292(1) 45.2 37, 000355 15:17:55 5 +32:09:24 6 —-18.9 —1.26 3.0 246.9(1) 223.4 223.3
Notes.

4 The topocentric time of arrival at the CHIME site referenced to the bottom of the band (i.e., 400.390625 MHz).

® The 90%-confidence uncertainty from the Method 1 localization algorithm, including systematic uncertainty (see the text) in units of minutes of arc on the sky.

¢ The HA of the sidelobe event, which is relative to the meridian.

9 The daily exposure time of the sidelobe events.

¢ The total DM of the sidelobe events, which is reported by offline algorithms via maximization of the S/N of the burst (CHIME/FRB Collaboration et al. 2021).

f The last two columns show the excess DM after subtracting the NE2001 or YMW16 model (J. M. Cordes & T. J. W. Lazio 2002; J. M. Yao et al. 2017), respectively.

I 10quaAoN 207 (ddgg) §L:SL6 “TYNYNO[ TVOISAHAOUISY dH],

210 urg



THE ASTROPHYSICAL JOURNAL, 975:75 (25pp), 2024 November 1

For a nearby Euclidean universe, with little change of
distance-related selection effects for the two instruments A
and B, ®(r) =1, or in the case of ®(r) ox r", this term will
cancel in the numerator and denominator and hence
(r'y = (r)/JK. The ratio of the average distance of the
sources detected by detectors A and B is proportional to the
square root of the relative sensitivities of the two instruments
and is independent of the detailed form of the luminosity

function. Therefore,
(r' S
" = —Sm/. @)

Since CHIME sidelobes are ~500 times less sensitive than
the main lobe, they will therefore detect bursts on average ~20
times closer than those detected in the main lobe.

3.1.1. The Influence of Redshift Evolution

Redshift and redshift-related evolution and selection effects
can influence our estimates of the distance of FRBs detected
with different sensitivity thresholds (Equation (7)). Here, we
show that the currently known factors have little influence on
our distance and DM estimates.

In Equation (5), we use ®(r) to describe the effects of
redshift and redshift-related evolution. One common way to
parameterize ®(r) is ®(r) = (1 + z(r))", where z is the
redshift. For the nearby universe, we can approximate
z=rH/c, where H is the Hubble constant and c is the speed
of light. For z << 1, ®(r) ~ 1 and for z>> 1, ®(r) ~ z". For the
majority of CHIME-detected FRBs, z should be between 0 and
1 (M. Rafiei-Ravandi et al. 2021; K. Shin et al. 2023), and the
sidelobe detections, z < 1. Since ®(r/~/K) is less than ®(r) for
n>0, (r') < (r)/JK. Therefore, the effect of redshift
evolution is to make the sidelobe events closer than our
estimation. When n <0, on the other hand, the average
distance of the sidelobe events will be farther away than our
estimates from the sensitivity ratio.

There are several factors that can influence the value of n. The
redshifts of the bursts will lead to a term ®.(r) = (1 + z) 727,
where « is the spectral index in F o< ~“. In K. Shin et al. (2023),
the best-fit a from the CHIME main lobe detection is —1.4193,
and in this case, this term will have small redshift dependence and
only influence our estimate a little. Additionally, if the burst rate
follows the star formation rate, there will be an additional term
®gr ~ (1 + z)*7 for z < 1. In this case, as discussed above, the
sidelobe events would be closer than our estimates. There are
other redshift-related uncertainties that can be included in ®(r).
For example, when there are multiple populations of FRBs with
different redshift dependencies, the E.x can also vary with
respect to redshift. We will defer the discussion until we have
more clues about this scenario.

Selection effects can also influence the distance comparison.
For example, as shown in CHIME/FRB Collaboration et al.
(2021), CHIME /FRB will miss twice as many events having
DM ~ 100 pccm > compared with DM =~ 500 pc cm . This
can lead to the observed far sidelobe events biased toward
larger DM, and hence larger distance. However, the change of
DM selection function is smooth near the observed DM range
of sidelobe events; therefore, its influence on (') is minor.

On the other hand, the selection effects on the burst width are
large, with bursts longer than 10ms rarely detected. For
specific scenarios, such as FRBs scattered by foreground
galactic halos, the scattering time of bursts can be largely
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related to their distances, resulting in a large fraction of bursts
with z > 1 undetected. The estimate of (r) from the observed
events will then be much lower than the actual value, and this
can result in a substantial underestimate of the DM of the
sidelobe events. However, in this halo scattering scenario, there
will be a strong correlation between the observed DM and the
scattering time, which is not seen in current FRB samples
(P. Chawla et al. 2022).

As determined in Section 3, the far sidelobe events should be
~20 times closer than the main lobe events as a population.
Though the aforementioned redshift-dependent effects may
change this distance ratio slightly, it is clear that the far
sidelobe events should be preferentially nearby.

3.2. Host Galaxy Search

Since the far sidelobe FRBs are statistically closer than those
detected in the main lobe they should be especially interesting for
host galaxy studies. We therefore search for host galaxies of the
10 sidelobe events within the reported 90% confidence localiza-
tion region listed in Table 2. Prior to that, we check if there are
cataloged Galactic HII and/or star-forming regions (V. Avedis-
ova 2002; L. D. Anderson et al. 2014) within the localization
region of the sidelobe events that can contribute to their
extragalactic DMs listed in Table 2. Only in the case of FRBs
20190210D and 20191219E, we identify multiple nearby ionizing
regions. This is unsurprising as both the sidelobe events are
Galactic plane sources with Galactic latitudes (b) of —3°3 and
4.°5, respectively. The contribution of these ionizing regions to
the FRB DM is hard to quantify due to the poor localization
region of FRBs 20190210D and 20191219E. This, along with
considerable uncertainty in the predictions of Galactic DM
models for low-latitude sources (b <10°% D. C. Price et al.
2021), make the host association quite challenging (for example,
see CHIME/FRB Collaboration et al. 2019b) unless the FRBs
are localized to arcsecond precision (V. Ravi et al. 2023).

Due to the large localization region (~36 arcminz), we are
unable to make a robust host association for any of our sidelobe
FRBs. Although the standard formalism of chance association
probability (P..) described in T. Eftekhari & E. Berger (2017)
would give <10% probability only for galaxies of r-band
apparent magnitude m, < 13 AB mag in the localization region
of sidelobe events, this is not a sufficient condition to make a
robust association (for example, see M. Bhardwaj et al. 2021b).
Noting the prospects of some of the sidelobe events to be local
Universe FRBs (H.-H. Lin et al. 2022), we check the Galaxy
List for the Advanced Detector Era version 2.3 (GLADE v2.3)
catalog (G. Ddlya et al. 2018), which contains all of the
brightest galaxies up to a luminosity distance of 91 Mpc, to
identify galaxies that satisfy the aforementioned r-band
constraint. In all except FRBs 20190125B and 20210310B,
we do not find a very nearby (<100 Mpc) galaxy within the
FRB 90% localization region. In the FRB 20190125B 90%
confidence localization region, we find NGC 5660, a star-
forming spiral galaxy at a distance of 38 Mpc (J. Huchra et al.
1983), as a promising host candidate (P.. < 1%), and in the
case of FRB 20210310B, we find NGC 5273 (16 Mpc M. Koss
etal. 2017, P.. < 1%) and NGC 5276 (84 Mpc C. P. Ahn et al.
2012, P..~ 10%) as promising candidates. Note that with
10 FRBs in our sample, the probability of seeing an association
with P.. < 1% would be ~10%. We therefore consider these
host candidates promising and do not claim a firm association.
If the FRB source is in a globular cluster, as is FRB
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Table 3
Galaxies with rKmag <19.9 AB Mag in the FRB 90% Confidence Localization
Region with Zphoz — 30photz—err < Zmax

Number R.A. Decl. rKmag Zphotoz Ophotoz—err
J2000 J2000 AB mag

1 298.0218 70.7713 19.32 0.05 0.03

2 298.1829 70.8063 19.60 0.18 0.06

3 297.6873 70.8567 19.11 0.08 0.04

4 297.5976 70.8551 19.65 0.25 0.1

20200120E, which has been localized to a globular cluster
~15" away from the center of M81 (M. Bhardwaj et al. 2021a;
F. Kirsten et al. 2022), such an association could be missed
during the search.

3.2.1. FRB 20191202A

FRB 20191202A is the most interesting source among the 10
sidelobe events because of the very low DM, ~ 50 pc cm > (see
Table 2). Using the technique described by M. Bhardwaj et al.
(2021b), we estimate the maximum redshift z,,,,, of the FRB to be
~0.04 (90% confidence upper limit). If FRB 20191202A is
located at z;,,x, and if we assume it is in a faint star-forming dwarf
galaxy similar to that of FRB 20121102A (M, = —17 AB mag;
S. P. Tendulkar et al. 2017), it would have an r-band magnitude of
~19.9 AB mag. As the FRB field of view is imaged by the
Panoramic Survey Telescope and Rapid Response System (Pan-
STARRS) release 1 (PS1) Survey (K. C. Chambers et al. 2016)
with an r-band depth for galaxies ~21.5 AB mag (50), we search
for extended galaxy candidates in the Pan-STARRSI Source
Types and Redshifts with Machine learning photometric redshift
(zpn) catalog (R. Beck et al. 2021) and find 66 sources. When we
apply the r-band Kron magnitude (rKmag) <19.9 AB mag and
Zphotz — 30photz—err < Zmax = 0.04, we find four galaxies, which
are listed in Table 3. If none of the four galaxies is the FRB host,
it would mean that the FRB host is the faintest host known to date.

Interestingly, we note that the FRB excess DM is similar to
that of FRB 20200120E (M. Bhardwaj et al. 2021a), where the
source is localized to a globular cluster of M81 at 3.6 Mpc
(F. Kirsten et al. 2022). Therefore, provided the FRB has an
extragalactic origin, the absence of a very nearby host in the
GLADE 2.3V catalog within its completeness limit of
~100 Mpc suggests that either the predicted Milky Way DM
contribution is significantly overestimated or the FRB host
contribution is negligible. Within ~3°-4° centered at the
FRB location, we find several Galactic pulsars40 with
DM ~57 pc cm . Moreover, from S. K. Ocker et al. (2020),
the maximum DM through the Milky Way’s disk at the FRB
Galactic latitude of ~21deg. is 664 7pccm . These
measurements suggest that the NE2001 and YMW16 models
do not significantly overestimate the Milky Way disk DM
contribution, making the FRB particularly promising for
constraining the Milky Way halo DM contribution (see
A. M. Cook et al. 2023).

3.3. Gamma-Ray Burst and Gravitational-wave Counterpart
Search

Using our localizations, we check for possible high-energy
counterparts to the 10 sidelobe FRBs. More specifically, we

40 pulsars 1195546708, J1953+67, and J2043+7045, identified using Pulsar
Survey Scraper (D. L. Kaplan 2022) (visited on 2023 February 15).
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check for temporal (up to 1 week), and spatial (within 30 of
each other’s localization regions) coincidence between our set
of FRBs and all known gamma-ray bursts (GRBs) published in
the Gamma-ray Coordination Network (GCN)*! circulars. We
limit the GRBs to those that are well localized (e.g.,
localization errors <1 deg in R.A. and decl.), as it is difficult
to claim significant spatial coincidences for GRBs with either
unknown or large uncertainty regions. We do not find any
GRB-FRB pairs with the given criteria. If we only search for
spatial (rather than temporal and spatial coincidence), we
similarly do not find any coincident GRB-FRB pairs
(A. P. Curtin et al. 2022).

We similarly checked the LIGO GraceDB** for gravita-
tional-wave (GW) events with temporal (within 1 week) and
spatial coincidence. Since the FRB localization region is much
smaller than the LIGO error region, we define a spatial
coincidence to be when the FRB position is within the 90%
localization region of the GW event. We also restrict the search
to events that involve at least one neutron star since a pure
binary black hole merger is not expected to create electro-
magnetic bursts (C.-M. Deng et al. 2018). We further restrict
the false alarm rate (FAR; as mentioned in B. P. Abbott et al.
(2016), A. H. Nitz et al. (2017), a measurement of how
frequently a non-astrophysical event would be falsely reported
from the GW data searches), to FAR <1077 yr_1 and select
only vetted superevents (labeled ADVOK). Of our detections, no
events were both spatially and temporally coincident with a
GW event. FRB 20191219E was temporally coincident with a
GW event—GW S191213g, which has a 77% chance of being
a binary neutron-star merger and a 23% chance of being
terrestrial noise. However, the two were not spatially
coincident. Hence we consider that these two events are
unlikely to be linked.

4. Repetition and Exposure

In this section, we describe the search for repeat bursts from
the far sidelobe FRBs, and calculate the lower bound of the
exposure time and the lower bound of the repetition interval.

4.1. The Search for Repetition

Since the sidelobe FRBs were sufficiently bright to be
detected in the sidelobe region, any repeating bursts from their
sources above the detection threshold could potentially be
detected either in the main lobe or the sidelobe. To search for
repetition in the main lobe from 2018 August 28 to 2021
August 31 in the database, we apply the following conditions:

1. the S/N of the trigger must be higher than 9,

2. the position of the trigger must be less than 3 deg (i.e.,
within the main beam) away from the modeled position
of the sidelobe event,

3. the absolute difference in the DM between the trigger and
the sidelobe event must be less than Spccem °, as
CHIME known repeaters’ DM variation is less than
5pcem ® (CHIME/FRB Collaboration et al. 2019b;
E. Fonseca et al. 2020; CHIME /FRB Collaboration et al.
2023a).

41 https://gen.gsfe.nasa.gov
42 https://gracedb.ligo.org /superevents /public/O3/
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Figure 7. The apparent decl. of PSRs B0531+21 and B0329+54. The dashed
and dotted lines represent the apparent positions of the two pulsars. PSR B0531
+21 is below the horizon at CHIME when the apparent decl. is higher than
83.5 deg. The horizontal line marks the true decl. of the pulsar, when the
detected LST is equal to the R.A. of the pulsar. The source is in a lower transit
when the decl. of the apparent curve is higher than 90 deg, which is marked
in gray.

The conditions for the initial trigger for which we apply
these criteria are described by CHIME/FRB Collaboration
et al. (2021). We do not find any associated event detected in
the main lobe.

To investigate whether there are repeating events detected in
the sidelobes, we use the modeled position of each sidelobe
event to construct the apparent position on the CHIME sky as
the apparent curve, and we searched for potentially associated
events along the apparent curve. Figure 7 shows the apparent
curves for PSRs B0531+21 and PSRs B0329+-54 as a function
of the detected local sidereal time (LST) at CHIME. The transit
happens when the LST is equal to the R.A. of the source.

We search for repetition of the 10 sidelobe FRBs in all
CHIME/FRB events with the same conditions as above. If the
associated event is again in the sidelobe region and on the
apparent curve (i.e., the HA is several degrees away from
the meridian), we expect a trigger would show the spiky pattern in
the waterfall plot. However, we did not find candidates that satisfy
these conditions. One possible selection bias is that the spectral
bandwidth of the repeating event is less than the separation of the
spikes in the dynamic spectrum, which we may miss during
the virtual inspection. Table 2 shows that the minimum of
the absolute HA of the 10 far sidelobe events is 8.6 deg. The
corresponding spectral separation of the spikes is ~90.6 MHz (see
Method 2 in Appendix A.1), where five of the 62 repeater events
reported in the first CHIME/FRB catalog have a spectral
bandwidth less than 90.6 MHz (CHIME/FRB Collaboration
et al. 2021). Since we compare the spiky separation in terms of
the minimum of the HA offset and the spectral bandwidth from 62
repeat events, the probability of missing the narrowband repeating
events in the sidelobe is 5/62 ~ 8§%.

Subject to the above caveats, we conclude that the CHIME
telescope probably did not detect repetitions from any of the 10
sidelobe FRBs from 2018 August 28 to 2021 August 31.

4.2. The Lower Bound of the Exposure Time and the Repetition
Interval

In Section 2.3, we show that the sensitivity at the HA of the
detection is lower than the sensitivity interior to the HA of the
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detection (see Figure 6). Hence, we consider twice the HA of
each detection as a lower bound of the daily exposure time for
each of the repetition intervals, i.e., we only consider the region
with higher sensitivity than the sensitivity at the detecting HA
for the exposures. CHIME Collaboration et al. (2022b) use
solar data to show that CHIME’s response is highest near the
meridian (see Figure 3 in CHIME Collaboration et al. 2022b).
Regardless of whether the source is in the main lobe or
sidelobe, the detection criterion is that the triggering S/N (i.e.,
the product of the beam response and the S/N ratio at the
center of the main beam) is 9 and above.

Note that the exposure time in the main lobe is defined as
having the sky location in question within the full width at half-
maximum (FWHM) region of a synthesized beam at 600 MHz
(CHIME/FRB Collaboration et al. 2021), which does not
include locations between the FWHM of beams. However, in
the far sidelobes, since the beam response is spiky, for
sufficiently broadband FRBs (but see Section 4.1), there should
be sufficient sensitivity at all locations.

To constrain the repetition interval, we apply Poisson
statistics (following the formalism of N. Oppermann et al.
2018). For each of the far sidelobe events,

Pitk = 0; \) = e N, N\ = nit, (8)

where P,k =0; \;) represents the individual Poisson prob-
ability distribution of zero repetition: k is the number of
occurrences in an interval #; and we take zero for non-repeating
sources, J; is the individual average number of events and
equal to the individual repetition rate (r;) times the individual
observing duration (t,).

Since there is no repetition from each of the far sidelobe
events, if we assume that each of them has the same lower
bound of the repetition interval (i.e., 1/r=1/r; =...=1/r0),
the Poisson distribution for all far sidelobe event is

10 10
—r(Q_t
Porlk = 03 Ao = [ e 7 = ¢ "5

i=1

— T Txp. total
=e exp,total |

©)

where To.xp, ora 1S the total exposure time. Hence, we can sum
individual exposure times into a total exposure time for the far
sidelobe samples.

Since CHIME only observes a strip of sky transiting directly
overhead, the exposure varies significantly with decl. We
account for this dependence by scaling the exposure with the
cosine of the decl (P. Chawla 2022). Hence, the daily exposure
time for each sidelobe event, as shown in Table 2, is

1 o 24 hr
€08 Gyeql. 360 deg ’

7-Zcxp,daily =2x |HA| (deg) X (10)

where the factor of 2 accounts for the two sides of sidelobe,
|[HA| and 64e.. corresponds to the absolute HA and the
modeled decl. value of each far sidelobe event in Table 2.
From 2018 August 28 to 2021 August 31, the CHIME/FRB
system was operational for 845.59 out of 1099 days, and on
average 988.6 of 1024 online synthesized beams were runnin%
during this uptime. This leads to 74% operational uptime.*
Thus, we calculate the lower bound of the total exposure time

3 B .
43 The relevant beams were operational the average amount of time.
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for the 10 sidelobe event as

10
Texp, total = 0.74 X Z Texp, daily X 1099 days
i=1

~0.74 x 4375 2 % 1099 days

day
=35, 580 hr. an
With a total exposure time of 35,580 hr** for the 10 sidelobe
events, CHIME /FRB did not detect repeat bursts from the 10
far sidelobe events listed in Table 2.

Note that by using twice the HA for our exposures, we are
being quite conservative. The sensitivity of CHIME’s primary
beam far from the meridian is fairly flat (see Figure 6), i.e., it
does not drop rapidly as a function of HA. There is therefore
significant sensitivity outside of our exposure window that is
comparable to that within the window. There may also be
unaccounted-for sources of incompleteness, such as our search
for repetition missing narrowband bursts (Section 4.1).

Since the exposure time is dominated by the low-sensitivity
sidelobes with ~10% from the high-sensitivity main lobe, the
non-detection of repeat bursts implies that follow-up observa-
tions of CHIME/FRB non-repeating sources with a high-
sensitivity telescope have a significant chance of non-detec-
tions. For instance, the sensitivity ratio® between CHIME/
FRB’s sidelobe region and main lobe is ~4 x 1072, which is
approximately equal to the sensitivity ratio between CHIME/
FRB’s main lobe and FAST’s main beam. For the total
exposure time of 35,580 hr on the 10 far sidelobe FRBs,
CHIME/FRB has ~32,000 hr and ~3580 hr exposure time in
the sidelobe and main lobe, respectively. To have the same
monitoring efforts on CHIME/FRB main lobe non-repeaters,
FAST would need ~400hr exposure time, which would be
prohibitively expensive to perform on the large sample of non-
repeating FRBs. On the other hand, the future detection of even
one repeat burst of our 10 sidelobe events by any telescope,
including FAST, would be interesting, and would strongly
suggest universal repetition with a wide range of repeat times.
Follow-up observations of the smaller sample of 10 sidelobe
events could therefore be more fruitful than the much larger
sample of main lobe non-repeaters.

Using Equation (9) with a confidence level of 95% and a
total exposure time of 35,580 hr, the corresponding lower
bound on the repetition interval (1/r) above CHIME/FRB’s
sensitivity limit is 11,880 hr. This limit could explain the non-
detection of repeating bursts with tens to hundreds of hours
follow-up observations by the Parkes (V. Ravi et al.
2015, 2016; E. Petroff et al. 2019b), Green Bank Telescope
(K. Masui et al. 2015), and Arecibo (D. C. Good et al. 2022)
telescopes.

Applying Equation (9) to the CHIME/FRB main lobe non-
repeater sample, which has a total exposure time of 25,700 hr
(CHIME/FRB Collaboration et al. 2021), results in a lower
bound on the repetition interval of 8580. This is similar, though
not as constraining as the bound placed using our far sidelobe
sample. The two bounds probe in very different regimes: a

4 Note that the exposure time is dominated by FRB 20191202A, which has a
high decl. of ~71 deg and a daily exposure time of 17.1 hr, as listed in Table 2.
4 The sidelobe sensitivity is ~1 x 107>=1 x 10~ lower than the main lobe
(Figure 6). Since there are four E-W beams, we consider the sidelobe
sensitivity is at least ~4 x 1072 less than the main lobe.
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large number of sources with short exposure times and a small
number of bright sources with extremely long exposure times.

Whether all FRBs repeat or not is an open question in the
FRB field. In the first CHIME/FRB catalog, the repeaters and
the apparent one-off events show different properties in
morphology, where in general the former are narrowband and
the latter are broadband (CHIME/FRB Collaboration et al.
2021; Z. Pleunis et al. 2021). Here, we compare the repetition
intervals of repeaters to that of the far sidelobe events. The
average repetition rate of 44 CHIME/FRB repeaters is
~0.2hr!, which leads to a mean repetition interval of 5 hr*°
(CHIME/FRB Collaboration et al. 2021; CHIME/FRB
Collaboration et al. 2023a).

Our measured mean repetition interval for the 10 sidelobe
events, 11,880hr, is 2380 times longer than that for the
CHIME/FRB repeater sample. Under our assumptions, this
implies that these two samples come from vastly different
regimes in repetition rate. These differing regimes may be due
to a wide, or multimodal, distribution of rates in a single
physical population, or it may be due to separate physical
populations, one of which may be cataclysmic. Future
observations with longer exposure time on FRBs, such as
CHIME/FRB (CHIME/FRB Collaboration et al. 2018) and
BURSTT (H.-H. Lin et al. 2022), would be helpful to further
constrain the repetition of the apparent non-repeating FRBs.

Note that the repetition distribution of many known repeaters
are not Poissonian. The deviation from Poisson statistics seems
to take two forms: clustering on short timescales (<1 s;
G. Q. Zhang et al. 2021; K. Aggarwal et al. 2021) and the
emission of bursts in active windows (CHIME/FRB Colla-
boration et al. 2023b), some of which are periodic (FRBs
20121102A and 20180916B; CHIME /FRB Collaboration et al.
2020a; K. M. Rajwade et al. 2020). On long timescales and
within their active windows, repeating FRBs appear to be
consistent with Poisson repetition (M. Cruces et al. 2021;
K. R. Sand et al. 2023). Assuming Poisson-distributed waiting
times in our above analysis is therefore a valid approximation.
The Poisson rates considered here are related to the rates during
active windows by the duty cycle of a source’s active windows.
In this context, the non-detection of repetition could be due to a
low duty cycle for active windows, i.e., a source could have a
high burst rate while it is active but with rare periods of
activity.

5. Conclusions

We report 10 far sidelobe FRBs detected by CHIME/FRB
from 2018 August 28 to 2021 August 31. We use the intensity
data for these sources to localize them with sub-degree
precision. These FRB sources detect in the far sidelobes
should be drawn from a population that is about 20x closer
than those in the main lobe sample. They are thus interesting
targets for host galaxy and counterpart follow-up. Indeed,
FRBs 20190112B and 20210310B are associated with potential
host galaxy candidates at 38 and 16 Mpc, respectively, with
P.. < 1%. Over 3 yr, we did not find any repeat bursts from any
of the sidelobe sources from the CHIME/FRB database with
conditions of S/N >9.0, distance between the modeled
position of the far sidelobe event and the header position of
the CHIME/FRB database less than 3 deg, and DM difference
larger than 5 pccm >,

6 Note the median repetition interval is ~33 hr.
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With the long exposure time of 35,580 hr on far sidelobe
events, we find that the Poisson repetition interval for the one-
off events is longer than 11,880 hr, which is at least 2380 times
longer than for CHIME/FRB repeaters. Longer exposure time
on FRBs with future FRB surveys would be helpful to
understand whether all FRBs repeat or not. This study shows
the advantage of considering events detected in the low-
sensitivity sidelobes of telescopes to probe for rare, bright
events with a long exposure time.
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Appendix A
Other Two Methods of Localization

A.l. Method 2

In the E-W direction, CHIME is an interferometer with four
elements, corresponding to the focal lines of the four cylinders.
The resulting beam response is thus an interference pattern of
those 4 “slits” and can be thought of as analogous to double-slit
interference. We therefore utilize the idea of double-slit
interference®’ for testing the localization of the far sidelobe
events,

3
Wt 0) = S I(f) cosz(”df sin(9 + ¢b>), (A1)

b=0 ¢

where I(f) is the spectral profile of 1024 frequency channels of
the brightest time bin after masking any RFI in the de-dispersed
dynamic spectrum of each beam, d is 22 m for the separation of
the CHIME cylinder focal lines (CHIME Collaboration et al.
2022a), f is the frequency in MHz, c is the speed of light, 6 is
the position offset from meridian from —90 to +90 deg, ¢,
accounts for the beam-forming offset between the four beam
columns such that ¢ 1,3 = (—0.4, 0, 0.4, 0.8) deg, where the

47 We revised the formula in Section 14.7 in MIT course notes accessed on
22/Jun/2023.
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Figure 9. I(f) of the far sidelobe event of B0329+54 (left) and BO531+-21 (right). The solid and dashed lines represent the data and the Gaussian model, respectively.

second beam is located on the meridian, and the others have an
offset of 0.4 deg relative to the adjacent one. We assume that
the I(f) is a flat spectrum with a power-law index of zero.
Figure 8 shows W(f, 0) at different 0 angles. The separation
of the spiky pattern across the frequency channels in one beam
is related to the position offset, where the larger position offset
yields a smaller separation of the spiky pattern. For instance,
the spectral separation of spikes in a single beam with an offset
of 5 and 20 deg is 156 and 40 MHz, respectively. The shift in
the spiky pattern between beams in the four-beam row, from E—
W, tells us whether the source is in the eastern or western sky.
We test the localization of the far sidelobe events of PSR
B0329+54 and B0531+21, where their waterfalls are shown in
Figure 12, with the following procedures. First, we mask the
dynamic spectrum and convert the 1024 frequency channels of
the brightest time bin into the spectral profile, W(f). Second,
we sum up the W(0, f) of the four E-W beams and average over
the frequency into 1(6). Third, we fit a Gaussian profile to /() at
its maximal peak and determine the best ¢ and the 68%
confidence interval. Figure 9 shows the /(f) and the Gaussian
fit for the far sidelobe events of PSR B0329+54 and B0531
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+21. Last, we assume the source is on the trajectory of the
second western beam, which points to the meridian, and we
find the best localization corresponding to 6. For this method,
the localization offset is ~1 deg for the HA from 15 to 50 deg
as shown in Figure 11.

A.2. Method 3

A third complementary far sidelobe localization method
takes advantage of the distinct, knotty spectrum of a far
sidelobe event detected by interferometrically combining
signals from multiple detectors. The separation of these spiky
patches of the spectrum is correlated to the degree of offset
from the meridian. We inject simulated Gaussian bursts at a
wide range of meridian offsets to empirically fit for this
correlation, and found that the relation between the knot
separation (y) in MHz and the E-W offset from meridian (x) in

degree can be represented by
y = 772.943/x + 1.844. (A2)

We can see that the closer the separation and hence the larger
number of knots in the spectrum, the further out the source is in
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Figure 10. The localization offset comparisons of three methods. We note that Method 1 has the smallest systematic errors and Method 3 has the largest ones.

the sidelobe. On the other hand, sources within ~3 deg of the
meridian do not show any knotty spectrum as they are within
the main lobe. Similar to what was described in Appendix A.1,
we can tell the direction (east or west of the meridian) of the
source by comparing the spectrum across the four E-W beams
of the same row. In principle, this method is less susceptible to
RFI present in part of the spectrum because we only need to
measure one of the knot separations to model the corresp-
onding E-W offset. In practice, the fact that the intensity data
has limited spectral resolution introduces uncertainty in the
fitted knot separation, a feature we attempt to overcome by
averaging as many knot separations observed for each burst.
Systematic offsets can be seen in the coordinates determined by
this method in Figure 10. This is most likely because simulated

15

signals were only generated for the meridian at zenith
angle = 0 deg, leading to an error in the empirical relationship
in Equation (A2).

A.3. Comparisons

Figure 10 shows the localization comparisons for the three
methods. Figure 11 shows the localization comparison for
Method 1 and Method 2. For the three methods, we note that
Method 1 has the smallest systematic error, and Method 3 has
the largest one. We did not understand the origin of the
systematic error. Further investigation with the voltage data of
far sidelobe events from pulsars may be helpful to better
understand the systematic errors.
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Figure 11. The localization offset comparisons of Method 1 and Method 2. We did not understand the origin of the systematic errors of Method 2, and the localization

with voltage data in the future could further improve the localization precision.

Appendix B
Diagnostic Plots for the 10 Far Sidelobe Events

Here, we show the data sets used for localizations, the best-
fit models, and the posterior distributions from the Method 1
MCMC sampling. Figure 12 shows the dynamic spectra of all
far sidelobe FRBs and an example of far sidelobe detections of

16

B0329+54 and B0531+421. Figure 13 shows the spectra and
fitted model for the Method 1 intensity localizations of example
pulses from PSRs B0329+51 and B0531+21 and the 10
sidelobe events. Figures 14, 15,16 show the distributions of the
posterior samples from the Method 1 intensity localizations for
example pulses from PSRs B0329+4-51 and B0531+21 and the
10 sidelobe events.
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Figure 12. The waterfalls of the far sidelobe events, including one from PSR B0329+54, another from PSR B0531+21, and the others from FRBs. Each panel
represents one far sidelobe event. The sub-panel, the timing, and frequency resolutions are described in Figure 1. For events 20190202B, 20191202A, and 201912E,

only three of four W-E beams in the same N-S row are above the detection threshold. For events 20190125B, 20191104B, and 20210810A, there are lower-S/N
detections in adjacent beam rows, which are not shown.
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Figure 13. Spectra (solid black) and fitted model (solid red) for the Method 1 intensity localizations of example pulses from PSRs B0329+51 and B0531+21 and the
10 sidelobe events. The underlying fitted power-law model FRB spectrum is plotted as gray dashed lines.
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20210810A.

Appendix C
The SVD Analysis of the Beam Model

Table 4 shows the calibrators used for the holographic
observations in Section 2.3 to which the SVD decomposition of
the beam model is applied.

Figure 17 shows the SVD decomposition of the holography
data B, s of CygA, from which we use the first two modes to
reconstruct the beam model, as shown in Figure 1. In addition,
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localizations for the sidelobe FRBs 20201105A, 20201129A, 20210310B, and

Figures 18, 19, and 20 show the holography data, the resulting
beam model from the SVD decomposition for CygA, and the
residuals (the absolute value of data/model) of the three
different calibrators. The residuals are generally around order
unity, i.e., the SVD-reconstructed beam model of CygA is in
agreement with the holography data from the other two
calibrators at different declinations. Hence, our S/N calibration
is independent of the three calibrators.
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Table 4
The Calibrators for the Holographic Analysis
Source RAZ? Decl.? S(v =725 MHz)" S(v = 600 MHz)" S(v = 400 MHz)" Datel Date2
CasA 23123m27594 +58948M42 34 2903.4 £ 6.0 3343.8 £ 6.8 45342+ 9.6 2018 Sep 29 2019 Dec 13
3C295 14"11™20.5519 +52912™09.597 3734+ 0.1 423 +0.1 5424 0.1 2019 Mar 02 2019 Mar 18
CygA 19"59™M28 53566 +40%44™02.5096 30532+ 6.5 3626.1 + 8.1 5103.5 £ 16.3 2018 Oct 17 2018 Oct 23
Notes.

? The R.A. and the decl. of the calibrator (J2000), taken from the NASA /TIPAC Extragalactic Database (B. J. McNamara 1971; A. L. Fey et al. 2004; A. Bodaghee

et al. 2007; R. Reyes et al. 2008).

® The flux density (Jy) is at 726, 600, and 400 MHz, which we infer with the polynomial function and parameters in R. A. Perley & B. J. Butler (2017).
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Figure 20. Absolute ratio of the holography and beam model for the three calibrators, CasA, 3C295, and CygA.

Appendix D
Determination of the Geometric Factor G

The dynamic spectrum of a far sidelobe event shows the
spikes (i.e., the “comb-like” spectral structure mentioned in
CHIME/FRB Collaboration et al. 2020b), which result from
the product of the synthesized beam response (C. Ng et al.
2017; K. W. Masui et al. 2017) and the intrinsic spectral profile
across frequencies. The four E-W beams do not fully cover the
flux from a far sidelobe event, as summing up the dynamic
spectrum of the four E-W beams still shows the spikes. To

understand how many E-W beams are required to fully cover
the flux of a far sidelobe event, we consider the separation
between the beams in the E-W direction as a geometric effect,
in which receivers only partially detect the flux from far
sidelobe events. Since there are four beams in the E-W
direction, we consider the lower bound of the geometric factor
G to be 4. To estimate the upper bound of the geometric factor
G, we apply a Fourier transform to the frequency-scaled beam
response, fit it with a Gaussian profile, and measure the FWHM
as 16.94 m, which is shown in Figure 21. As each cylinder has
a width of 20 m and there is a 2 m gap between each cylinder,
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Figure 21. The measurement of the geometrical factor G. The outline markers
represent the Fourier transform of the beam response of CygA at different
bands, which the beam response is measured per 0°6 (a quarter of the
resolution of Figure 18) for visualization purposes. The dashed line illustrates
the Gaussian fitting line, and the FWHM is 16.94 m.

and therefore the total width of four cylinders is 86 m, we
expect that five beams in the E-W direction are required to
fully cover the flux of a sidelobe event, and therefore the upper
bound of the geometric factor G is 5. Hence, we constrain the
geometrical factor G to be between 4 and 5.
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